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APPFAI RWIFF 



Sir: 



This Appeal Brief is filed pursuant to the "Notice of Appeal to the Board of Patent 
Appeals and Interferences" mailed April 12, 2002 and received by the Office on April 22, 2002. 

Real Party in Interest. 

The real party in interest in this appeal is Millennium Pharmaceuticals, Inc., the assignee 
of the above-referenced patent application. 

Related Appeals and Interferences. 

U.S. Patent Application serial number 09/145,745, filed September 2, 1998, which is the 
parent case for the present application, is currently on appeal to the Board of Patent Appeals and 
Interferences. 

Status of Claims. 

Claims 32-59 are the subject of this appeal. The claims appear infAppendix A. Claims 1- 
32 have been cancelled. 



RTA01/211905W1 



} 

In re: Glucksmann et al. 

Appl . No.: 09/383,745 
Filing Date: August 26, 1999 
Page 2 of 18 

Status of Amendments. 

The Examiner has indicated that the Amendment After Final Rejection mailed March 13, 
2002 will be entered upon the timely submission of an Appeal Brief and the requisite fees. 

Summary of the Invention. 

The pending claims of the present invention are directed to methods of modulating the 
activity of G-protein coupled receptor (GPCR) comprising the amino acid sequence set forth in 
SEQ ID NO:l, the amino acid sequence set forth as amino acids 6 to 370 of the amino acid 
sequence set forth in SEQ ID NO:l, or the amino acid sequence a sequence variant of the amino 
acid sequence set forth in SEQ ID NO:l, where the variant has G-protein mediated signal 
transduction activity, and to methods of identifying a compound that modulates the activity of a 
polypeptide comprising the amino acid sequence set forth in SEQ ID NO:l, the amino acid 
sequence set forth as amino acids 6 to 370 of the amino acid sequence set forth in SEQ ID NO:l, 
or the amino acid sequence a variant of the amino acid sequence set forth in SEQ ID NO:l, 
where the variant has G-protein mediated signal transduction activity. The 14926 receptor is a 
member of a family of proteins that are known in the art for their importance as therapeutic 
targets. 

Issues. 

Issue 1-Whether the invention of claims 32-59 has utility under 35 U.S.C. §101 and thus 
is enabled under 35 U.S.C. §112, first paragraph. 

While the Examiner has rejected the claims under 35 U.S.C. §101 and 35 U.S.C. §112, 
first paragraph, both rejections hinge on whether Applicant has established a utility for the 14926 
receptor. In rejecting claim 32-59 under 35 U.S.C. §112, first paragraph, in the final Office 
Action, the Examiner states, "since the claimed invention is not supported by either a specific 
asserted utility or a well established utility for the reasons set forth above, one skilled in the art 
clearly would not know how to use the claimed invention." December 14, 2001 Office Action, 
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page 6. Therefore, both rejections are based on the fact that the Examiner has not accepted the 
evidence that the 14926 polypeptide has patentable utility. 

Issue 2 — Whether the invention of claims 52-59 is enabled under 35 U.S.C. § 1 12, first 
paragraph. 

Issue 3-Whether the invention of claims 37-46 and 54-57 meets the written description 
requirement set forth in 35 U.S.C. § 1 12, first paragraph. 

Grouping of Claims. 

The claims do not stand or fall together. While all the pending claims have been rejected 
under 35 U.S.C. § 101, claims 52-59 have also been rejected under 35 U.S.C. § 1 12, first 
paragraph on the grounds that they are not enabled and claims 37-46 and 54-57 have been 
rejected under 35 U.S.C. § 1 12, first paragraph, on the grounds that the specification does not 
provide adequate support for variants of the 14926 polypeptides, while claims 32-36, 47-53, 58, 
and 59 do not recite such variants. Accordingly, the issues surrounding the claims are different, 
and the claims do not stand or fall together. 

Argument. 

Issue 1-Whether the invention of claims 32-59 has utility under 35 U.S.C §101 and thus is 
enabled under 35 U.S.C. §112, first paragraph. 

The Examiner has rejected claims 32-59 under 35 U.S.C. §101 as lacking patentable 
utility and as lacking enablement under 35 U.S.C. §112, first paragraph. The Examiner states, 
"[applicants do not provide a specific and well established utility providing patentability for 
their invention. The invention therefore does not fulfill the requirements of 35 USC 101." 
(December 14, 2001 Office Action, page 3) In fact, Applicants have asserted a utility for the 
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claimed invention that is specific, substantial, and credible and therefore meets the requirements 
for patentability. 

1. 14926 Has Specific, Substantial, and Credible Utility 

The pending claims of the instant invention are drawn to methods of modulating the 
activity of a G-protein coupled receptor and methods of identifying a compound that modulates 
the activity of a G-protein coupled receptor. In the Office Action mailed December 14, 2001 
(paper number 14), the Examiner states that the claims are not rejected "under the grounds that 
14926 might be a G-protein coupled receptor ... but rather than at the time the application was 
filed, appellants have not provided a specific and substantial utility for the gene." December 14, 
2001 Office Action, page 4. The Examiner further states, "appellants do not provide a specific 
utility for the claimed 1 14926 receptor', as for example no ligand for the receptor and no specific 
function for the receptor are disclosed." December 14, 2001 Office Action, page 3. 

Accordingly, the rejection under 35 U.S.C. § 101 for lack of patentable utility is based on 
the premise that no utility asserted by the Applicant can be specific and substantial unless it 
depends in some way on the endogenous ligand or the physiologic function of the 14926 G- 
protein coupled receptor, and therefore the Examiner's burden of establishing a prima facie case 
of lack of utility may be met by demonstrating that the Applicant has not provided the 
endogenous ligand or physiologic function of the claimed receptor nucleotide sequence. 

In fact, the Applicant has asserted specific, substantial utilities for the claimed invention 
that do not require a knowledge of either the endogenous ligand or the precise biological function 
of the 14926 receptor in order to be operable. The utilities asserted for the 14926 receptor are 
based upon the unique properties of G-protein coupled receptors, including their modulation by 
small molecules, their signal transduction activity, and their resulting role as important 
therapeutic targets. These asserted utilities meet the requirements set forth in the statute, the 
applicable case law, and the utility examination guidelines. 
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A- Those of skill in the art recognize the utility of G-protein rmipled receptors 

The Examiner has rejected claims 32-59 under 35 U.S.C. §101 on the grounds that the 
claimed invention "requires further research to have a specific and substantial utility." 
(December 14, 2001, Office Action, page 4). This does not correctly reflect the view of orphan 
G-protein coupled receptors in the art, where it is known that "[historically, the superfamily of 
GPCRs has proven to be among the most successful drug targets and consequently these newly 
isolated orphan receptors have great potential for pioneer drug discovery" (Stadel et ah (1997) 
Trends Pharmacol. ScL 18:430-436; provided as Appendix B). Accordingly, those of skill in the 
art recognize that the identification of an orphan G-protein coupled receptor provides an 
immediate benefit. 

1. Novel GPCRs are useful as members of selectivity screening panels. 

Those of skill in the art recognize that the identification of a novel member of the G- 
protein coupled receptor family provides an immediate benefit because all members of the GPCR 
protein family have utility in selectivity screening of candidate drugs that target GPCRs. It is 
known in the art that the clinical usefulness of a therapeutic compound is determined not only by 
its ability to bind and modulate a molecular target of interest, but also by its selectivity. Drugs 
that bind selectively to their molecular target are highly preferred over those that bind to 
structurally related molecules, as the selective compounds are far less likely to have unwanted 
side effects in clinical use. Thus, an important component of any drug development strategy is 
determining the selectivity of the candidate drug for the molecular target of interest over 
structurally related polypeptides. 

2. The usefulness of members of a selectivity screening panel is not dependent upon their 
in vivo physiological role or endogenous ligand. 

The effectiveness of selectivity screening increases in proportion with the number of 
structurally related polypeptides screened. Furthermore, it is the interaction between the 
candidate drug and each panel member that is the focus of selectivity screening. Thus, the 
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usefulness of these structurally related polypeptides (such as Applicant's) is not dependent on 
their biological role or ligand-binding properties; their utility comes from the fact that they share 
significant sequence identity with the molecular target of the candidate drug. 



3. The art teaches the use of orphan receptors in selectivity screening. 
Applicant have previously provided an example of the use of orphan receptors in 

selectivity screening: Goodwin et al (2000) Molecular Cell 6:517-526 (Appendix C). This 
reference describes the use of a panel of structurally-related nuclear receptors to identify a 
specific agonist for FXR, a nuclear receptor that regulates bile acid synthesis and is a target in the 
treatment of cholestasis. The authors state that many previously-identified FXR ligands interact 
with other proteins including bile-acid-binding proteins and transporters (Goodwin et al., ibid., 
page 518, column 1, first full paragraph). In order to identify a compound that selectively 
modulates FXR, the authors of Goodwin et al. screened for compounds that modulated FXR 
activity and then tested these compounds for their ability to activate other nuclear receptors that 
share structural similarity with FXR. Figure 1C of Goodwin et al. shows that the compound 
GW4064 potently activates FXR but does not modulate the activity of the other nuclear receptors 
tested. Note that the nuclear receptor panel screened in Figure 1C includes the orphan nuclear 
receptors SHP-1 and LRH-1 in addition to receptors having previously-identified ligands. Thus, 
the orphan receptors SHP-1 and LRH-1 derive their utility as members of a selectivity screening 
panel based on their sequence similarity with a receptor of therapeutic importance. 

4. The identification of the 14926 ligand is not a requirement for establishing the 
utility of this receptor in drug screening. 

The Examiner has repeatedly stated that the Applicant must provide the 14926 ligand or 
14926 cellular function in order to establish the utility claims. The final Office Action states, 
"applicants do not provide a specific utility for the claimed ! 14926 receptor 1 , as for example no 
ligand for the receptor and no specific function for the receptor are disclosed." (December 14, 
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2001 Office Action, page 4). While this statement may reflect the thinking of the pre-genomics 
era, it does not accurately describe the current state of the art in drug discovery. 

Those of skill in the art appreciate that rapid advances in technology have led to dramatic 
changes in the way in which research is conducted in many biomedical-related areas. "Molecular 
biology has had a dramatic influence" on active drug discovery and research projects in the 
pharmaceutical industry, particularly those involving GPCRs. Stadel et ah (1997) Trends 
Pharmacol. Set 18:430-436; provided as Appendix B. These advances in molecular biology 
have led to what those in the art consider a "paradigm shift" in the way research and drug 
discovery is conducted. Id. 

In the new drug discovery paradigm, the starting point in the process is the identification 
of new members of gene families such as the GPCR superfamily by "computational or 
bioinformatic methodologies." Stadel et ah at 430. "Once new members of the GPCR 
superfamily are identified, the recombinantly expressed receptors are used in functional assays to 
search for the associated novel ligands. The receptor-ligand pair are then used for compound 
bank screening to identify a lead compound that, together with the activating ligand, is used for 
biological and pathophysiological studies to determine the function and potential therapeutic 
value of a receptor antagonist (or agonist) in ameliorating a disease process." Stadel et ah at 434. 
Thus, in the reverse molecular pharmacology approach to drug development, it is the a full- 
length cloned receptor, rather than a ligand having an unknown molecular target, that is the 
starting point of the drug discovery process. 

The Examiner has argued that Applicant's arguments demonstrating that those of skill in 
the art consider orphan receptors to have utility are unpersuasive and quotes from the last 
paragraph of the first column of page 434 of Stadel et ah, where the authors state, "[t]he reverse 
molecular pharmacology strategy is a far more daunting challenge and risky endeavor when 
compared with the more traditional approach, since the starting material for a drug discovery 
effort is simply an orphan receptor of unknown function, with no apparent relationship to a 
disease indication." To put this statement in its proper context, however, one must consider the 
very next sentence of Stadel et ah, in which the authors state: 
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the potential reward of using this approach is that resultant drugs naturally will be 
pioneer or innovative discoveries, and a significant proportion of these unique 
drugs may be useful to treat diseases for which existing therapies are lacking or 
insufficient. 

Stadel et al at 434. Furthermore, when the Stadel et al reference is considered in its entirety, it is 
clear that its primary teaching is not that the process of discovering drugs using a reverse 
molecular pharmacological approach is insurmountably difficult and should not be attempted, but 
rather that the reverse molecular pharmacological approach described is already being actively 
pursued because "the pharmaceutical industry has recognized the power of genomics to provide it 
with new and unique drug targets." Stadel et al at 436. Accordingly, this reference provides 
evidence that those of skill in the art recognize the real-world utility of novel orphan GPCRs. 

BL GPCRs share a specific, substantial, and credible utility 

In response to the evidence that Applicant has presented to demonstrate that the 14926 
receptor has real-world utility, the Examiner has argued that the use of the 14926 receptor 
sequence in drug screening and selectivity screening is not a specific utility because "it does not 
rely on a particular characteristic of the instant 14926 gene, but rather relies on features shared by 
many diverse GPCRs." (December 14, 2001 Office Action, page 5). This argument is at odds 
with the "Utility Examination Guidelines," which provide that "[wjhen a class of proteins is 
defined such that the members share a specific, substantial, and credible utility, the reasonable 
assignment of a new protein to the class of sufficiently conserved proteins would impute the 
same specific, substantial, and credible utility to the assigned protein." 66 Fed. Reg. 1092, 1097 
(2001). This statement from the "Utility Examination Guidelines" makes it clear that when a 
sequence is shown to encode a polypeptide belonging to a family of proteins that share a 
common utility, this supports the conclusion that the novel sequence has specific utility. 

As further evidence that sequence identity with a class of proteins having a specific and 
substantial utility may be used to establish the specific and substantial utility of a polypeptide, 
Applicant cites Example 10 of the "Revised Interim Utility Guidelines Training Materials." 
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Example 10 is directed to a nucleic acid encoding a polypeptide having a high level of sequence 
identity with DNA ligases. If the policy set forth in the Examiner's Answer as described above 
were followed, the polypeptide claimed in Example 10 of the "Revised Interim Utility Guidelines 
Training Materials" would be rejected for lack of utility because the well-established utility in 
this example is based on the claimed polypeptide's ligase activity and this utility is shared with 
all members of the ligase family of proteins. Instead, however, it is concluded in the analysis of 
this example that the claimed ligase has patentable utility. The patentable utility is demonstrated 
because the ligase can be used for the same purpose as other members of the ligase family of 
proteins, not in spite of this fact. 

Similarly, Applicant has shown that the 14926 receptor is a member of the rhodopsin 
subfamily of GPCRs. This family of receptors bind small molecules and mediate signal 
transduction via phosphatidylinositol-mediated pathways or cyclic AMP-mediated pathways, and 
these unique properties have historically made GPCRs among the most successful drug targets. 
See, Stadel et al. (1997) Trends Pharmacological Science 18 at 436. In fact, the 14926 receptor 
belongs to a family of receptors that are the target for more than 50% of all prescription drugs. 
Attwood (2001) Trends Pharmacological Science 22:162-65. Accordingly, the utilities asserted 
for the claimed 14926 GPCR in drug screening and selectivity screening are based on the unique 
properties shared by the rhodopsin family of GPCRs. 

Example 10 of the "Revised Interim Utility Guidelines Training Materials" also 
demonstrates that the establishment of patentable utility does not require that the endogenous 
substrates and physiologic role of a polypeptide be known if the asserted or well-established 
utilities are operable without this knowledge. In Example 10, the well-established utility of the 
claimed polypeptide is based on its in vitro biochemical activity. According to the analysis in the 
example, "DNA ligases have a well-established use in the molecular biology art based on this 
class of protein's ability to ligate DNA ("Revised Interim Utility Guidelines Training Materials," 
March 1, 2000, page 54). Thus, because the utility of the claimed ligase nucleotide sequence is 
well-established in molecular biology, the endogenous substrates and biological role of the ligase 
in the cells in which it is expressed are not required to establish utility. Similarly, the well- 
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established utility of the 14926 GPCR in drug development is based on its biochemical activity, 
Le. its G-protein-mediated signal transduction activity. Just as the biochemical activity of the 
ligase of Example 10 confers patentable utility to this protein in the absence of its physiologic 
substrates or utility, the biochemical activity of the 14926 receptor confers patentable utility to 
this receptor in the absence of its specific ligands or physiologic function. 

Accordingly, the Examiner's arguments in support of a prima facie case of lack of utility 
are based on the premise that the endogenous ligand, specific function, or disease association of 
the 14926 receptor is an absolute requirement for the establishment of specific utility. Applicant 
has asserted utilities for the claimed receptor sequences that do not depend on the endogenous 
ligand or function of the receptor and has provided evidence from the scientific literature that 
demonstrates that the asserted utilities are specific, substantial, and credible. Nevertheless, the 
Examiner has maintained the rejection of the claims under 35 U.S. C. § 101. 

C The Manual nf Patent Fxrtminntinn Prnrpdurp provides that claims should not he 
rejected for lark of patentability utility because th e claimed invention is to he used in a research 
setting 

The Examiner argues that utilities asserted by the Applicants "constitute an invitation to 

experiment and an invitation to use the gene and encoded protein as a research tool." (December 

14, Office Action, pages 4 and 5). The argument that an asserted utility as a research tool is not 

sufficient to satisfy the utility requirement of 35 U.S.C. § 101 is contrary to the provisions set 

forth in the eighth edition of the Manual of Patent Examination Procedure, which states that 

inventions should not be rejected for lack of utility merely because they are to be used in a 

research or laboratory setting. The Manual of Patent Examination Procedure provides: 

confusion can result when one attempts to label certain types of inventions as not 
being capable of having a specific and substantial utility based on the setting in 
which the invention is to be used. One example is inventions to be used in a 
research or laboratory setting. Many research tools such as gas chromatographs, 
screening assays, and nucleotide sequencing techniques have a clear, specific, and 
unquestionable utility (e.g. they are useful in analyzing compounds). An 
assessment that focuses on whether an invention is useful only in a research 
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setting thus does not address whether the invention is in fact "useful" in a patent 
sense. 

Manual of Patent Examination Procedure § 2107.01 (8th ed. 2001), emphasis added. 

Accordingly, Applicant's asserted utilities for the 14926 receptor in drug screening and 
selectivity screening are not insubstantial or non-specific merely because these utilities are 
operable in a laboratory setting. Furthermore, no additional research is required to confirm that 
the 14926 receptor has utility in drug screening and selectivity screening. Applicants have 
demonstrated that the 14926 receptor is a member of the rhodopsin family of GPCRs, a family of 
cell membrane receptors that bind small molecules to mediate signal transduction pathways and 
have historically been among the most successful drug targets. Because of these properties, 
which are unique to rhodopsin family G-protein coupled receptors, those of skill in the art 
recognize that the identification of novel orphan rhodopsin family G-protein coupled receptors 
has real-world value in the pharmaceutical research field as a tool in drug screening and 
selectivity screening, even in the absence of experimental evidence demonstrating the 14926 
receptor ligand or physiologic function. 

II. A prima facie showing of no utility has not been presented. 

The "Examination Guidelines for the Utility Requirement" (MPEP § 2107) set forth the 

elements required to establish a prima facie case of no utility as follows: 

Where the asserted utility is not specific or substantial, a prima facie 
showing must establish that it is more likely than not that a person of ordinary 
skill in the art would not consider that any utility asserted by the applicant would 
be specific and substantial. The prima facie showing must contain the following 
elements: 

(i) An explanation that clearly sets forth the reasoning used in concluding 
that the asserted utility for the claimed invention is not both specific and 
substantial nor well-established; 

(ii) Support for factual findings relied upon in reaching this conclusion; 

and 
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(iii) An evaluation of all relevant evidence of record, including utilities 
taught in the closest prior art. 

MPEP § 2107. This is in accordance with In re Brana, 34 U.S.P.Q.2d 1437, 1441 (Fed. Cir. 
1995), where the Federal Circuit held that, "[o]nly after the PTO provides evidence showing that 
one of ordinary skill in the art would reasonably doubt the asserted utility does the burden shift to 
the Applicant to provide rebuttal evidence sufficient to convince such a person of the invention's 
asserted utility.") 

In the present case, Applicants have demonstrated that the 14926 receptor functi ons as a 
G-protein coupled receptor and that the claimed 14926 nucleotide sequences are useful in drug 
screening, including screening for compounds that modulate 14926 signal transduction activity 
and selectivity screening for candidate drugs that specifically target GPCRs that share sequence 
similarity with the 14926 receptor. 

Nevertheless, the Examiner has maintained the rejection under 35 U.S.C. § 101. The 
premise underlying the Examiner's rejection is that a person of ordinary skill in the art would not 
consider the use of an orphan GPCR in drug screening to be useful in the absence of the 14926 
ligand and physiologic function or a specific disease associated with the 14926 receptor, and that 
further research is required to demonstrate the patentable utility of this receptor. However, 
contrary to the requirements of MPEP § 2107, the Examiner has not provided the factual findings 
or evidence relied on in reaching this conclusion. 

Furthermore, Applicant has provided evidence demonstrating the specific and 
substantial utility of orphan receptors in the drug screening process. As described above, 
Applicants have provided evidence showing that orphan receptors play a critical role in 
identifying agonists and antagonists that bind to therapeutic targets but not to structurally-related 
molecules. Applicants have also provided evidence showing that because the rhodopsin family 
of G-protein coupled receptors contains a number of key drug targets, members of this family 
share a common real world use in drug screening including selectivity screening of drugs. For 
example, the rhodopsin family of GPCRs includes targets for the treatment of numerous 
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disorders including depression, anxiety, migraine, asthma, hypertension, and other cardiovascular 
disorders. Accordingly, the 14926 receptor has a specific, substantial, and credible utility in 
selectivity screening for drugs targeting rhodopsin family GPCRs. The utility of the 14926 
receptor is not dependent on its biological role or ligand-binding properties, rather the utility 
results from its sequence similarity with drug targets in the rhodopsin family of GPCRs. 

The Examiner has stated that "applicants do not provide a specific utility for the claimed 
'14926 receptor', as for example no ligand for the receptor and no specific function for the 
receptor are disclosed." (December 14, 2001 Office Action, page 3). However, the Examiner 
has not provided any language from the Utility Guidelines or case law to support the assertion 
that a knowledge the ligand and physiologic function of a receptor is a per se requirement for the 
establishment of patentability utility of the 14926 receptor, even when applicants have asserted a 
specific, substantial, and credible utility that does not depend on this precise physiologic 
function. Furthermore, the Examiner has not provided any factual findings or evidence to 
demonstrate that a knowledge of the precise physiologic function of the receptor is required in 
order to use the invention in the manner asserted by the Applicants, or that a person of ordinary 
skill in the art would find that the claimed invention lacked specific and substantial utility in 
selectivity screening and drug screening in the absence of a knowledge the 14926 receptor's 
precise physiologic function. Similarly, the Examiner argues that the utility asserted by the 
Applicant is "a starting point or a hint for further research," (December 14, 2001 Office Action, 
page 4) but does not provide factual findings or evidence describing the nature of the additional 
research alleged to be required in order to use the 14926 receptor in the utilities asserted by the 
Applicant. 

Under the Guidelines, M [t]he examiner's decision [with respect to patentable utility] must 
be supported by a preponderance of all the evidence of record," MPEP § 2107.02, citing In re 
Oetiker, 24 U.S.P.Q.2d 1443 (Fed. Cir. 1992). In the present case, Applicants' references 
constitute the only evidence of record demonstrating the view of those of skill in the art regarding 
the utility of GPCR sequences. Accordingly, the preponderance of the evidence supports 
Applicants' asserted utility. 
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III. The inventidns of claims 32-59 have patentable utility. 

In Cross v. Iizuka (753 F.2d 1040 (Fed. Cir. 1985)), the court held that "[w]hen a properly 
claimed invention meets at least one stated objective, utility under §101 is clearly shown." 
Cross, 753 F.2d at 1046 fh9, citing Raytheon Co. v. Roper Corp, 724 F.2d 951, 958 (Fed. Cir. 
1983), cert denied, 469 U.S. 835 (1984). Thus, in order to reject the claims for the lack of 
patentable utility, the Examiner must demonstrate the invalidity of each of Applicants' asserted 
uses. In the present case, the Applicants have demonstrated that the 14926 receptor has specific, 
substantial, and credible utility in selectivity screening and drug screening for therapeutics that 
target GPCRs. The Examiner has maintained the rejection of the claims under 35 U.S.C. § 101, 
but has not provided evidence or factual findings to demonstrate that one of skill in the art would 
not find the utility asserted by the Applicant to be credible, or that additional research would be 
required to use the 14926 receptor as described by the Applicants. Accordingly, all of the 
evidence of record supports Applicants' asserted utility. For these reasons, the rejection of the 
claims under 35 U.S.C. §101 should be reversed. 

Issue 2 — Whether the invention of claims 52-59 is enabled under 35 U.S.C § 112, first 
paragraph. 

The Examiner has maintained the rejection of claims 52-59 under 35 U.S.C. § 1 12, first 
paragraph, on the grounds that these claims recite a step of determining whether a test compound 
modulates the activity of a 14926 polypeptide but have not disclosed which activity to measure. 
However, the specification provides guidance regarding G-protein mediated signaling pathways, 
including pathways mediated by phophatidylinositol turnover and pathways mediated by cyclic 
AMP turnover and metabolism. See, line 28 of page 7 through line 23 of page 9 of the 
specification. Furthermore, methods for assaying these signal transduction pathways are well 
known in the art. See, for example, Kenakin (1996) Pharmacol Rev. 48:413-63; and Filtz et al 
(1994) Mol Pharmacol. 46:8-14, provided herewith as Appendix D and Appendix E. ; 
Accordingly, based on the guidance provided in the specification, one of skill in the art would be 
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able to determine whether a test compound modulates the activity of a 14926 polypeptide as 
recited in the claim. 

For these reasons, the rejection of claims 52-59 under 35 U.S.C. §112, first paragraph, for 
lack of enablement should be reversed. 

Issue 3 — Whether the invention of claims 37-46 and 54-57 meets the written description 
requirement set forth in 35 U.S.C. § 112, first paragraph. 

The Examiner has maintained the rejection of claims 37-46 and 54-57 under 35 U.S.C. § 
1 12, first paragraph, on the grounds that the specification does not provide a sufficient written 
description of the polypeptides used in the methods of these claims. 

Applicants have presented arguments demonstrating that the sequence variants recited in 
^claims 37-46 and 54-57 are described by both their structural properties and their functional 
properties and therefore these polypeptides are adequately described. However, the Examiner 
states that in order to provide sufficient written description of the claimed sequence variants, the 
specification must disclose "which mutation or substitutions would be tolerated for keeping an 
activity." December 14, 2001 Office Action, page 7. Thus the Examiner appears to require that 
the specification disclose the sequence of each variant falling within the structural and functional 
limitations set forth in the claims in order to adequately describe the claimed genus of sequences. 
However, this requirement is not supported by the "Guidelines for Examination of Patent 
Applications Under the 35 U.S.C. 1 12, 1f 1, 'Written Description' Requirement" (66 Fed. Reg. 
1099 (2001)) and the supporting case law. 

The "Guidelines for Examination of Patent Applications Under the 35 U.S.C. 1 12, ^ 1, 
'Written Description' Requirement" state that genus may be described by "sufficient description 
of a representative number of species ... or by disclosure of relevant, identifying characteristics , 
i.e. structure or other physical and/or chemical properties." Id. at 1 106. Furthermore, the 
Guidelines state that "[disclosure of any combination of . . . identifying characteristics that 
distinguish the claimed invention from other materials and would lead one to the conclusion that 
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the applicant was in possession" of the claimed invention is sufficient to satisfy the written 
description requirement. Id. at 1106. 

Applicants submit that the written description provided for the polypeptides recited in 
claims 37-46 and 54-57 meet this requirement. The claims recite the identifying structural 
characteristics that define each genus of nucleotide sequences or amino acid sequences. Claims 
37 and 54 recite polypeptides comprising an amino acid sequence having at least 70, 80%, or 
90% sequence identity with amino acid sequence shown in SEQ ID NO:2. Claims 42 and 56 
recite polypeptides comprising the amino acid sequence of a sequence variant of the amino acid 
sequence shown in SEQ ED NO:l, where the sequence variant is encoded by a nucleotide 
sequence that hybridizes to the nucleotide sequence shown in SEQ ID NO:2 under the specified 
stringent conditions. The structural limitations in these claims are sufficient to distinguish the 
claimed nucleotide sequences and amino acid sequences from other materials and thus 
sufficiently define the claimed genus. 

Furthermore, in Regents of the University of California v. Eli Lilly & Co, 119 F.3d 1559, 
1569 (Fed. Cir. 1997), the court held that "[a] description of a genus of cDNAs may be achieved 
by means of a recitation of a representative number of cDNAs, defined by nucleotide sequence, 
falling within the scope of the genus or of a recitation of structural features common to the 
members of the genus, which features constitute a substantial portion of the genus." The 
recitation of the structural features of sequence identity with SEQ ID NO:l or hybridization 
under stringent conditions with SEQ ID NO:2 is sufficient to satisfy this requirement. 

Applicant has further provided the functional characteristics that distinguish the claimed 
sequences of the genus. Claims 37, 42, 54, 56, and their dependent claims are drawn to a genus 
of polypeptides having G-protein mediated signal transduction activity. Accordingly, each genus 
recited in claims 37-46 and 54-57 has been described by both its structural and functional 
features. 

Example 14 of the " Revised Interim Written Description Guidelines Training Materials " 
(www.uspto.gov/web/menu/written.pdf) demonstrates that when the structural and functional 
features of the sequences encompassed by a genus are described, the description of the genus 
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meets the requirements of 35 U.S.C. § 1 12, first paragraph. Example 14 is directed to a genus of 
proteins having at least 95% sequence identity to the sequence of SEQ ID NO:3, wherein the 
proteins in the genus catalyze the reaction A — > B. The conclusion in the analysis of this 
example is that the generic claim of Example 14 is sufficiently described under § 1 12, first 
paragraph, because (1) "the single sequence disclosed in SEQ ID NO: 3 is representative of the 
genus" and (2) the claim recites a limitation requiring the compound to catalyze the reaction from 
A — » B. The conclusion in the Training Materials is that one of skill in art would recognize that 
the applicants were in possession of the necessary common attributes possessed by the members 
of the genus. 

Following the analysis of Example 14, Applicant submits that claims 37-46 and 54-57 
satisfy the written description requirements of § 112, first paragraph. Specifically, the claims of 
the present invention encompass methods of using amino acid sequences having sequence 
identity to the amino acid sequence set forth in SEQ ID NO: 2 or amino acid sequence encoded by 
a nucleotide sequence that hybridizes under specified conditions to the nucleotide sequence set 
forth in SEQ ID NO: 8. As in Example 14, the specification discloses the nucleic acid sequence 
(SEQ ID NO:l) and encoded amino acid sequence (SEQ ID NO:2) and the claims recite a 
limitation requiring the recited polypeptides to have a specific function (i.e. G-protein mediated 
signal transduction activity). Accordingly, claims 37-46 and 54-57 provide the relevant, 
identifying characteristics that describe the claimed genus, and one of skill in the art would 
recognize that the inventors were in possession of the claimed invention. 

For these reasons, the rejection of claims 37-46 and 54-57 under 35 U.S.C. §112, first 
paragraph, for lack of written description should be reversed. 
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CONCLUSION 

In view of the arguments presented above, Applicant contends that each of claims 32-59 
is patentable. Therefore, reversal of the rejections under 35 U.S.C. §101 and 35 U.S.C. §1 12, 
first paragraph, is respectfully solicited. 

Respectfully submitted, 

Kathryn L. Coulter 
Registration No. 45,889 
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Attorney's Docket No. 5800-8A (35800/185816) PATENT 

In re: Glucksmann et al Confirmation No. 6988 

Appl.No.: 09/383,745 Group Art Unit: 1646 

Filed: August 26, 1999 Examiner: E. Lazar Wesley 

For: 14926 RECEPTOR, A NOVEL G-PROTEIN COUPLED RECEPTOR 

APPEALED CLAIMS 

32. (Amended) A method for modulating the activity of a polypeptide 
comprising the amino acid sequence shown in SEQ ID NO: 1 ; the method comprising 
contacting the polypeptide with a compound under conditions that allow the compound to 
modulate the activity of the polypeptide, wherein the activity of the polypeptide is 
modulated in a cell selected from the group consisting of brain cells, spleen cells, lung 
cells, kidney cells, skeletal muscle cells, liver cells, and heart cells. 

33. (New) The method of claim 32, wherein said compound is an antibody. 

34. (New) The method of claim 32, wherein said cell is a brain cell. 

35. (New) The method of claim 32 wherein the activity of the polypeptide is 
modulated in a subject having a disorder associated with hyperplasia or inflammation. 

36. (New) The method of claim 32, wherein said activity is a G-protein 
mediated signal transduction activity. 

37. (Amended) A method for modulating the activity of a polypeptide 
comprising an amino acid selected from the group consisting of: 

(a) the amino acid sequence of a sequence variant of the amino acid 
sequence shown in SEQ ID NO:l, wherein said sequence variant has G-protein 
mediated signal transduction activity and has at least about 70% sequence identity 
with the amino acid sequence shown in SEQ ID NO: 1 ; 
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(b) the amino acid sequence of a sequence variant of the amino acid 
sequence shown in SEQ ID NO:l, wherein said sequence variant has G-protein 
mediated signal transduction activity and has at least about 80% sequence identity 
with the amino acid sequence shown in SEQ ID NO:l; 

(c) the amino acid sequence of a sequence variant of the amino acid 
sequence shown in SEQ ID NO:l, wherein said sequence variant has G-protein 
mediated signal transduction activity and has at least about 90% sequence identity 
with the amino acid sequence shown in SEQ ID NO:l; 

the method comprising contacting the polypeptide with a compound under conditions that 
allow the compound to modulate the activity of the polypeptide, wherein the activity of 
the polypeptide is modulated in a cell selected from the group consisting of brain cells, 
spleen cells, lung cells, kidney cells, skeletal muscle cells, liver cells, and heart cells. 

38. (New) The method of claim 37, wherein said compound is an antibody. 

39. (New) The method of claim 37, wherein said cell is a brain cell. 

40. (New) The method of claim 37 wherein the activity of the polypeptide is 
modulated in a subject having a disorder associated with hyperplasia or inflammation. 

41 . (New) The method of claim 37, wherein said activity is a G-protein 
mediated signal transduction activity. 

42. (Amended) A method for modulating the activity of a polypeptide 
comprising the amino acid sequence of a sequence variant of the amino acid sequence 
shown in SEQ ID NO:l, wherein said sequence variant has G-protein mediated signal 
transduction activity and is encoded by a nucleotide sequence that hybridizes to the 
nucleotide sequence shown in SEQ ED NO: 2 under stringent conditions comprising 
hybridization in 6X SSC at about 45°C followed by one or more washes in 0.2X 
SSC/0.1%SDS at 50-65°C; said method comprising contacting the polypeptide with a 
compound under conditions that allow the compound to modulate the activity of the 
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polypeptide, wherein said modulation is in a cell selected from the group consisting of 
brain cells, spleen cells, lung cells, kidney cells, skeletal muscle cells, liver cells, and 
heart cells. 

43. (New) The method of claim 42, wherein said compound is an antibody. 

44. (New) The method of claim 42, wherein said cell is a brain cell. 

45. (New) The method of claim 42 wherein the activity of the polypeptide is 
modulated in a subject having a disorder associated with hyperplasia or inflammation. 

46. (New) The method of claim 42, wherein said activity is a G-protein 
mediated signal transduction activity. 

47. (Amended) A method for modulating the activity of a polypeptide 
comprising the amino acid sequence set forth as amino acids 6 to 370 of SEQ ID NO:l ; 
said method comprising contacting the polypeptide with a compound under conditions 
that allow the compound to modulate the activity of the polypeptide, wherein said 
modulation is in a cell selected from the group consisting of brain cells, spleen cells, lung 
cells, kidney cells, skeletal muscle cells, liver cells, and heart cells. 

48. (New) The method of claim 47, wherein said compound is an antibody. 

49. (New) The method of claim 47, wherein said cell is a brain cell. 

50. (New) The method of claim 47 wherein the activity of the polypeptide is 
modulated in a subject having a disorder associated with hyperplasia or inflammation. 

5 1 . (New) The method of claim 47, wherein said activity is a G-protein 
mediated signal transduction activity. 

-3- 
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52. (New) A method for identifying a compound that modulates the activity 
of a polypeptide comprising the amino acid sequence shown in SEQ ID NO:l; the 
method comprising contacting a cell expressing the polypeptide with a test compound 
under conditions such that the test compound can modulate the activity of the polypeptide 
and assessing the activity of the polypeptide to thereby determine if the test compound is 
a compound that modulates the activity of the polypeptide, wherein the cell is selected 
from the group consisting of brain cells, spleen cells, lung cells, kidney cells, skeletal 
muscle cells, liver cells, and heart cells. 

53. (New) The method of claim 52 wherein the activity of the polypeptide 
that is modulated is G-protein-mediated signal transduction activity. 

54. (New) A method for identifying a compound that modulates the activity 
of a polypeptide comprising an amino acid sequence selected from the group consisting 
of: 

(a) the amino acid sequence of a sequence variant of the amino acid 
sequence shown in SEQ ID NO:l, wherein said sequence variant has G-protein 
mediated signal transduction activity and has at least about 70% sequence identity 
with the amino acid sequence shown in SEQ ID NO:l; 

(b) the amino acid sequence of a sequence variant of the amino acid 
sequence shown in SEQ ID NO:l, wherein said sequence variant has G-protein 
mediated signal transduction activity and has at least about 80% sequence identity 
with the amino acid sequence shown in SEQ ID NO:l; 

(c) the amino acid sequence of a sequence variant of the amino acid 
sequence shown in SEQ ID NO:l, wherein said sequence variant has G-protein 
mediated signal transduction activity and has at least about 90% sequence identity 
with the amino acid sequence shown in SEQ ID NO:l; 

the method comprising contacting a cell expressing the polypeptide with a test compound 
under conditions such that the test compound can modulate the activity of the polypeptide 
and assessing the activity of the polypeptide to thereby determine if the test compound is 
a compound that modulates the activity of the polypeptide, wherein the cell is selected 
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from the group consisting of brain cells, spleen cells, lung cells, kidney cells, skeletal 
muscle cells, liver cells, and heart cells. 

55. (New) The method of claim 54 wherein the activity of the polypeptide 
that is modulated is G-protein-mediated signal transduction activity. 

56. (New) A method for identifying a compound that modulates the activity 
of a polypeptide comprising the amino acid sequence of a sequence variant of the amino 
acid sequence shown in SEQ ED NO:l, wherein said sequence variant has G-protein 
mediated signal transduction activity and is encoded by a nucleotide sequence that 
hybridizes to the nucleotide sequence shown in SEQ ED NO:2 under stringent conditions 
comprising hybridization in 6X SSC at about 45°C followed by one or more washes in 
0.2X SSC/0.1%SDS at 50-65°Cthe method comprising contacting a cell expressing the 
polypeptide with a test compound under conditions such that the test compound can 
modulate the activity of the polypeptide and assessing the activity of the polypeptide to 
thereby determine if the test compound is a compound that modulates the activity of the 
polypeptide, wherein the cell is selected from the group consisting of brain cells, spleen 
cells, lung cells, kidney cells, skeletal muscle cells, liver cells, and heart cells. 

57. (New) The method of claim 56 wherein the activity of the polypeptide 
that is modulated is G-protein-mediated signal transduction activity. 

58. (New) A method for identifying a compound that modulates the activity 
of a polypeptide comprising the amino acid sequence set forth as amino acids 6 to 370 of 
SEQ ID NO:l, the method comprising contacting a cell expressing the polypeptide with a 
test compound under conditions such that the test compound can modulate the activity of 
the polypeptide and assessing the activity of the polypeptide to thereby determine if the 
test compound is a compound that modulates the activity of the polypeptide, wherein the 
cell is selected from the group consisting of brain cells, spleen cells, lung cells, kidney 
cells, skeletal muscle cells, liver cells, and heart cells. 
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59. (New) The method of claim 58 wherein the activity of the polypeptide 
that is modulated is G-protein-mediated signal transduction activity. 
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Orphan G protein-coupled 
receptors: a neglected 
oppoilxinity for pioneer 
drug discovery 

Jeffrey ML StadeL Shelagh Wilson and . 
Doric J.Bergsma 

Access to ONA databases has introduced an exciting 
new dimension to the way biomedical research is 
conducted. 'Genomic research* offers tremendous 
opportunity for accelerating the identification of the 
cause of disease at the molecular level and thereby 
foster the discovery of more selective medicines to 
improve human health and longevity. The current 
chaflenge Is to close the gap rapidly between gene 
identification and cGnicai development of efficacious 
therapeutics. In the present review, Jeffrey Stadel 
Shetagh Wilson and Doric Bergsma outline the 
rationale and describe strategies for converting one 
large class of novel genes, orphan G protein-coupled 
receptors (GPCRs), into therapeutic targets. 
Historically, the superfamtty of GPCRs has proven to be 
among the most successful drug targets and 
consequently these newly isolated orphan receptors 
have great potential for pioneer drug discovery. 

The advent of rapid DNA sequencing spawned the 
'genomkera^whiAhasled 

Genome Project the novel technology developed 
In association with genomic research have already had a 
significant impact on the way investigations Into the 
basis of disease are being conducted and will, no doubt, 
sidistaniialfy enliaiwe the means by wn^ 
diagnosed and treated In the near future. To keep pace 
with die evolution of molecular medicine, the pharma- 
ceutical industry has embraced genomics and is attempt- 
ing to exploit the new technologies to identify novel tar- 
gets for drug discovery. The major questions that remain 
to be addressed concern how to convert genomic 
sequences into therapeutic targets in an expeditious 
. .manner and eventually to obtain pharmaceutical drugs 
that will enhance the quality of life. This review will deal 
with a single class of novel molecular targets, focusing 
on the burgeoning collection of G protein- 
coupled receptors (GPCRs) called 'orphan' receptors 1 . 
GPCRs are a superfamily of integral plasma membrane 
proteins involved in a broad anay of signalling path- 
ways. Since the first cloning of GPCR gene sequences 
over a decade ago, novel members of the GPCR 



superfamily have continued to emerge through doning 
activities as well as through bioinfonnatic analyses of 
sequence databases, although their ligands are unidenti- 
fied and their physiological relevance remain to be 
defined. These 'orphan' receptors provide a rich source 
of potential targets for drug discovery. 

The members of the GPCR superfamily are related 
both structurally and functionally. The signature motif 
of these receptors is . seven distinct hydrophobic 
domains, each of which is 20-30 amino adds long and 
which are linked by hydrophilic amino add sequences of 
varied length* 3 . Biophysical 4 and biochemical 5 studies 
support the notion that these receptors are intercalated 
into the plasma membrane with the amino terminus 
extracellular and the caiboxy terminus in the cyto- 
plasmic portion of the celL Therefore, these receptors are 
often referred to as seven transmembrane (or 7TM) 
receptors. While it is not yet known how many individual 
genes actually encode these receptors, it is dear that this 
family of proteins is one of the largest yet identified. 
Functionally, GPCRs share in common the property that 
upon agonist binding th^ transmit signals across the 
plasma membrane through an interaction with hetero- 
trimeric G proteins* 7 . These receptors respond to a vast 
range of agents** 8 such as protein hormones, 
diemoWnes, peptides, small biogenic amines, lipid- 
derived messengers, divalent cations (eg. a Ca 2 + sensor 
has been identified that is a GPCR) 9 and even proteases 
such as thrombin, which activates its receptor by deav- 
ing off a portion of the amino terminus 10 . Finally, these 
receptors play an important role in sensory perception 
induding vision and smell* 5 *. Correlated with the broad 
range of agents that activate these receptors is their exist- 
ence in a wide variety of cells and tissue types, indi- 
cating that they play roles in a diverse range of physio- 
logical processes. It is fikdy, therefore, that the GPCR 
superfamily is involved in a variety of pathologies. This 
point was lecendycmphasizedby the surprising discov- 
ery that certata GPCRs fochemokin^ 
for HIV Infection 114 *. 

GPCRs rep re se nt the primary mechanism by which 
cells sense alterations fa their extend 
convey that information to the cell/ interior. The binding 
of an agonist to the receptor promotes conformational 
changes in the cytoplasmic domains that lead to the 
interaction of the receptor with its cognate G protdn(s) . 
Agonist-promoted coupling between receptors and G 
proteins leads to the activation of intracellular effectors 
that substantially amplify the production of second 
messengers feeding into the signalling cascade. Since 
effectors are often enzymes [eg. adenylate cydase", 
which converts ATP to cAMP, or phospholipase C 
(Ref . 15), which hydrolyses inositol lipids in membranes 
to release inositol trisphosphate, which in turn mobilizes 
Ca l * within a cell] or ion channels 1 *, many second 
messenger molecules can be produced as the result of a 
single agonist binding event with its receptor. Changes 
in the intracellular levels of ions or cAMP, or both. 
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result in the modulation of distinct phosphorylation 
cascades 17 ' 18 , extending through the cytosol to the 
mideoSr that eventually culminate in the physiological 
response of the cell to the extracellular stimulus. 
Although the overall paradigm is apparently the same 
for all GPCRs, the diversity of receptors, G proteins 
and effectors suggest a myriad of potential signalling 
processes end this becomes an important concept as we 
by to identify the function of orphan GPCRs. 

To date, more titan 800 GPCRs have actually been 
donedftamavarietyofeukary^ 
humans [see L F. Kblafcowski in GCTOb-WWWTheG 
Ftotrfn-Coopled Receptor DataBase Worid-Wide-Web 

SBe (ht^/rec^tawngM^ 
bmLocg)]. For humans* the most represented spedes, 
aboat 140 GPCRs have been doned for whidi the cog- 
nate Bgands are also known. TWs number excludes the 
tensory olfedory receptors, of which hundreds to thou- 
sands are predicted to exist By traditional molecular 
genetic approaches* coupled with the explosion in 
genomic information, it has been possible to identify 
more tiianl00ad<titk>nal orphan 
By definition there is enough sequence information in 
the receptor cDNAs to place them dearly in the super- 
famfly of GPCRs, but often there is tasuffident sequence 
homology with known members of this family to be able 
to assign their ligands with confidence or predict their 
function. In total there are currently over 240 human 
GPCRs* exduding sensory receptors. As the size of 
sequence databases continues to increase; this list is 
expected to grow to 400, and perhaps even to 1000 or 
more urique gene products. The list w 
therasparaloguesandaltenutivefyspli^ 
ante emerge. Most orphan GPCRs share a tow degree of 



sequence homology (typically about 25-35% overall 
amino add sequence identity), with known GPCRs, sug- 
gesting that they belong to new subgroups of receptors 
(Fig. Indeed, several orphan GPCRs show doser 
homology to each other than to known GPCRs, Never- 
theless, the majority of orphan receptors are phyio- 
genetkally distributed among a broad spectrum of dis- 
tantiy related, known receptor subgroups. 

What is the rationale for investing considerable time 
and resources into trying to establish the function of 
orphan GPCRs? Simply stated, GPCRs have a proven 
history of being excellent therapeutic targets. Within the 
past 20 years, several hundred new drugs have been reg- 
istered that are direded towards 
izing GPCRs in fad; it Is estimated that most current 
research within the pharmaceutical industry is focused 

ftfe rignalf Ing patfiwaygi. Table 1 shows a represen- 
tative snapshot of « variety of receptor* disease targets 
and corresponding drugs. It is dear from this table that 
the therapeutic targets span a wide range of disorders 
and disease states. Another example of the significance 
and versatility ofGPCRs is the number of casesof genetic 
diseases that are linked to defects in these proteins; some 
of these diseases are indicated in Table 2 (Refe 22-38). It 
is likely that many more genetic diseases will be mapped 
to GPCRs as the era of genomics continues to expand and 
families with inherited mutations are examined much 
more comprehensively. 

The importance of GPCRs to drug discovery continues 
to be manifested by the fad that across the pharmaceu ti- 
cal industry active research projects, ranging from basic 
studies all the way through to advanced development, 
are focused on GPCRs as primary targets. Molecular 
biology has had a dramatic influence on these efforts. 
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Table 1 Examples of marketed drags for G protein-coupled receptors (GPCRs) 



GPCR 



Gtaeric 



Drug 



Indication 



Muscarinic acetylcholine 



Adrenoceptor 
Pi 

«2 

Pt/fc 

<*1 

Pi 

P|/P/«l 

Angiotensin 
AT, 

Calcitonin 



Oopanune 
0, 

OA 

GonadatropifHeleasing factor 

Histamine 
H, 
H, 

"i 

Serotonin (5-HT] 
&-HT (0 

54ff 4 
S4(T t8 

tafatriene 



Opioid 



Oxytocin 
Prostaglandin 

Somatostatin 
Vasopressin 



Bethanechol 
Dicyclomine 
Ipratropium 

Atenolol 

Clonidine 

Propranolol 

Terazosin 

Albuterol 

Carvedilol 

Losartan 
Eprosartan 

Calcitonin 
eel-Caldtonh 

Metodopramide 

RopMrote 

Haloperidot 

Goserelin 
Nafaretin 

Oimenhydrinate 
Terfenacfine 
Gmetidine 
Ranitidine 

Sumatriptan 

ffitanserin 

Cisapride 

Trazodone 

Clozapine 

frantufcast 
Zafiriufcast 

Buprenorphine 
Butorphanol 
Alfentanil 
Morphine 



Epoprostenol 
Misoprostol 

Octreotide 

Desmopressin 



Urecholine 

Bentyf* 

Atrovent 

Tenormin 

Catapres 

Inderal 

Hytrin 

Ventolin 

Coreg 



Cozaar 
Teveten 

Caltimar 
Bcatonin 



Requip 
Haldol 

Zoladex 
Synarel 

Oramamine 
Seldane 
Tagamet 
Zantac 



knitrex 

Tisertan 

Proputsid 

Desyrel 

Clozaril 

Onon 
Aocolate 

Buprenex 
Stadol 
Alfenta 
Kadian 

Syntocmon 

Rolan 
Cytotec 

Sandostatin 



Gl 
Gl 
CP 

CP 
CP 
CP 
CP 
CP 
CP 



CP 
CP 

Osteoporosis 
Osteoporosis 

Gl 

CNS 
CNS 

Cancer 
Endometriosis 

CNS 
CP 
Gl 
Gl 



CNS 
CNS 
Gl 

CNS 
CNS 

CP 
CP 

CNS 
CNS 
CNS 
CNS 

Labour 

CP 
Gl 

Cancer 
CP/Renal 
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Tabic t Dtst «sos associated with mutations tf 6 prottln-conpled receptors (GPCRs) 



CPCft 


Mutation 


Disease 


Refs 


Rhodopsin 


Missense: Pro23 to His (NT) 
Missense: Val87. to Asp (2TM) 
Missense: Yyrlffl to Cys (2EL) 
Nonsense: Gln344 to Stop (CT) 


Retinitis pigmentosa 


22.23 


'ThvmM cttnwibitifwi hnrmnnp 
liiyiwiu #uiiiuwuiiy iiuiiiwiic 


Missense- Aso619 to GtvftlL) 
Missense: Ala.623.to lie (31) 


Hyoe (function! no thvroid adenomas 


24 


Luteinizina hormone 


Missense: AspS78 to Gly (6TM) 


Precocious puberty 


25 


Vasopressin V 2 


Missense: Arg137 to His (21U 
Missense: Gfyl 85 to Cyc (ZEL) 
Frameshift at Arg230 (3TM) 


X-linked nephrogenic diabetes 


26-28 




Missense: Arg186 to Glu (NT) 

Missense: Gtu238 to Lys (NT) 
Missense: Ary 796 to Trp(3flJ 
Missense: G!u128 to Ala (NT) 


Hyperparathyroidism, hypocatciuric 
hypercalcaemia 


29.30 




Missense* HIs223 to Am (1U 


Short-limbed dwarfism 


31 


PfAdrenoceptor 


Missense: Trp64 to Arg (1ILJ 


Obesity. NIDOM 


32-34 


GfowtWwmwoe-releasbg hormone 


Nonsense: Glu72 to Stop (NT) 


Dwarfism 


35 


Adtenooortiootropin 


Missense: Ser74 to He (2TM) 


Glucocorticoid deficiency 


36 


Glucagon 


Missense: Gry40 to Ser(NT) 


Diabetes, hypertension 


37.38 



Abbreviations: CT. carboxyl terminus; EL extracellular loop; C intracellular loop; NIDOM, notHnsutirKtependent diabetes melltois; NT. amine terminus; 
IM, trammembrane segment 



The dotting of cDNAs for well-known GPCRs led to the 
discovery of a surprising number of paralogues 5 . The 
existence of these novel receptor subtypes was unex- 
pected because the anient cornucopia of pharmacologi- 
cal agents does not possess the required selectivity to 
distinguish all of them dearly, and thus an opportunity 
for drug disoovery was quickly recognized Current 
researdi efforts seek toxlefine the physiology associated 
frith these novel reoeptor subtypes and to discover 
Mgjhiy selective compounds as potential pharmaceutical 
drugs. These efforts are almost exclusively focused on 
GPCRs for which activating ligands are known. Since 
characterized GPCRs werer and continue to be, attractive 
(herapeufk targets, it is most reasonable to speculate that 
many of the orphan receptors have similar potential The 
Initial challenge is to determine the function of each 
orphan receptor through the identification of activating 
figands and, once the function Is darified, link ^ 
receptor to a specific disease and thus establish it as a 
candidate for a comprehensive ding discovery effort 

Reverse molecular pharmacology 

Until recently, research into the identification of 
GPCRs as targets for drug discovery has been conducted 
using the traditional approach illustrated in Fig. 2. For 
this strategy, the starting point is functional activity, 
whkh forms the basis of an assay by which a ligand is 



identified through purification from biological fluids, 
cell supernatants or tissue extracts. One example of the 
success of this strategy is the discovery of the potent 
vasoconstricting peptide endothelin*. Once isolated, the 
ligand is used to characterize its cellular and tissue biol- 
ogy as well as its pathophysiological role. Subsequently, 
cONAs encoding corresponding receptors are 'fished' 
from gene libraries usingavariety of methodologies (eg. 
receptor purification and expression doning) that often 
either directly or indirectly use the ligand as the *hool^. 
As the nucleotide sequences for GPCRs begin to accu- 
mulate and be analysed, additional receptors can be 
doned by homology screening, by positional doning, 
and by polymerase chain reaction (PCR) methodologies 
that use oligonudeotide primers based on nudeotide 
sequences conserved within the seven transmembrane 
domains of the GPCR family. Once the doned human 
receptor cDNA is expressed in t heterologous cell sys- 
tem 40 , it is used, together with its ligand, to form the basis 
of a screen to explore chemical compound libraries for 
receptor antagonists or agonists. Lead structures Identi- 
fied in the screen are refined through medicinal chem- 
istry using an iterative process. Resulting drug leads 
with appropriate in vivo pharmacology are passed on 
into the dinic for development 

Recently, this paradigm has changed radically with the 
introduction of a new reverse molecular pharmacological 



OCIO: <XP_40Q03«SA w O> 



TiPS - November 1997 (VoL 18) 4 3 3 



R«v«fM motocular pharmacology 




H§iLtaitfi0ni iKft fwn cfatrfcat to revwss nriecttephenwootefliodflppfDechcj for drug 
dttonvty* 



strategy; thown dlagramatically fa Pig, 2. Through both 
traditional molecular donlng techniques and, more 
recently, mass sequencing of expressed sequence tags 
(ESTs) from <DN A libraries, it is now possible to identify 
GFCRs through computational or bioinformatic 
methodologies. The EST approadv initially proposed by 
Sidney Brenner (University of Cambridge) and first 
brought to large-scale practice by Craig Venter (The 
Institute of Genome Research), constitutes random, sin- 
gle-pass sequencing of <DN As randomly picked from a 
collection of cDNA libraries, followed by extensive 
bioinformatic analysis of the sequence to identify struc- 
tural signatures characteristic of GFCRs. Once new 
members of the GFCR superfamlly are Identified, the 
reoomblnandy expressed receptors are used in 
functional assays to search for the associated novel H- 
gands. The receptor-figand pair are then used for com- 
pound bank screening to identify a lead compound that 
together with the activating Hgand, Is used for biological 
and pathophysiological studies to determine the func- 
tion and potential therapeutic value of a receptor antag- 
onist (or agonist) in ameliorating a disease process. In 
addition, dues as to therapeutic potential may involve 
receptor genotyping of disease populations. Once a link 
with a disease is finally identified, an appropriate com- 
pound can be advanced for dirdcal study. 

The reverse molecular pharmacological strategy is a 
far more daunting challenge and risky endeavour when 
compared with the more traditional approach, since the 
starting material for a drug discovery effort is simply an 
orphan receptor of unknown function, with no apparent 
relationship to a disease indication. Howevec the potential 
reward of using this approach is that resultant drugs nat- 
urally will be pioneer or innovative discoveries, and a 



significant proportion of these unique drugs may be use- 
ful to treat diseases for whidi ©dating therapies are lack- 
ing or insufficient 

Screening strategy 

Figure 3 illustrates the generic strategy that we use 
for our reverse molecular pharmacological approach- In 
addition to the EST approadv which has yielded the 
majority of our collection of orphan receptors, we have 
also used a number of more traditional approaches such 
as low-stringency screening, using portions of known 
GFCRs as hybridization probes, as well as PCR-based 
methods. By these techniques we have succeeded in 
identifying more than 70 orphan receptors in addition to 
those already dted in the literature. 

Since cDNAs identified by EST doning are often in- 
complete northemhybridizationanafy^is used toest^ 
Hsh the tissue or cell pattern of mRNA expression of the 
GFCRs. TWs information Is used to Identify the tissue or 
cdl cDNA libraries that are to be probed for full-length 
donesand,significandy,todetenn^ 
Is expressed fa a particular norma 
interest A highly selective tissue expression pattern may 
also provide a due with respect to receptor function. Once 
obtained, fufl-kngthGPCRdones are expressed in mam- 
malian cdl lines and yeast model systems (see bdow) for 
fontfioiulanalys&Xcwpitf 

expression; however, low screening throughput limits 
their use to a secondary, confirmatory assay system. For 
mammalian cdl expression, the human embryoidcfcklney 
(HEK) 293 cell line or Chinese hamster ovaiy(CHO) cells 
are frequently used. These cdl types possessalarge reper- 
toire of G proteins that are necessary for coupling to 
downstream effectors in situ. They also share a reliable 
history of positive functional coupling for a wide variety 
of known GPCRs. However since receptor coupling 
cannot be accurately predicted from primary sequence 
data, orphan GPCRs may need to be expressed in a 
variety of cdl lines to. establish viable coupling. 

These heterologous expression systems form the basis 
for screening for an activating Hgand. The success of 
establishing functional coupling of the recombinant 
receptor depends to a large extent on whether the recep- 
tor is property expressed, which may be assessed by 
northern or Western blot analysis, and whether appro- 
priate G proteins and downstream effectors are present 
in the cell in which the receptor Is expressed. There are 
several major technical challenges to be met in order to 
initiate ligand fishing. Because it is difficult to predict 
accuratdy the coupling spedfidty of orphan GPCRs 
from their primary sequence, assays must be chosen 
that will detect a wide range of coupling mechanisms. 
These generally focus on changes in intracellular levels 
of cAMP or Ca** but can also indude more generic 
measurements, such as metabolic activation of the cell 
via the cytosensor miaophyslometer 4 *. Recently, it has 
become possible to Implement most of these screens in 
high-throughput format by using fluorescent-based 
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assays and using diarg*coupled devkc cameras and 
reporter gene constructs that allow easy readout of the 
assay onndcrotitre plates. Bmincrcasing throughput of 
the assays will be necessary to screen large libraries. 
However this approach is somewhat cumbersome and 
inefficient if all the assays described above have to be 
used Is it possible to' funnel heterologous signal trans- * 
ducdon through a defined pathway? The prospect of an 
-assay far a single transduction pathway comes from the 
observation that heterologous expression of the G pro- 
tefasubunftG.u/uPnmiotedcoup GPCR 
subfamify members thitni^ 
C£ and likely Ca*+ mobilization**. Although this 
approach may not work universally, the diversity of the 
GFCRs successfully coupled through G^ to phospho- 
lipid metabolism suggests that this could be a useful 
method to screen far orphan receptor activation. 

Onoe heterologous ^receptor expression Is achieved 
and functional assays are inplace, Hgand fishing experi- 
ments cm be initiated Although the homology with 
known OCRs is low, we nevertheless begta 
log fiie orphans against known GPCR Hgands since the 
sequence homdogy between some subtypes of known 
eeceptors can be low (*& 30-40* between neuropeptide 
Y teceptor subtypes), ft is possible that new paralogue 
receptors for known Hgands still remain to be discov- 
ered The next step is to search for novel activating 
Hgands by screening biological extracts obtained from 
tissue*, biological fluids and cell supernatants. An ad* 
xfitional option is screening libraries of compounds for 
•ctivatingHgands, Complex libraries of peptides or com- 
pound collections could be rich sources of 'surrogate' 
agonists that would promote receptor activation and 
coupling but are not endogenous ligaruls.1he rationale 
fat searching for surrogate agonists springs from a report 
fhat a ncmpepttde agonist has been discovered for the 
angiotensin II receptor". There is also an obvious preo- 
cdent far nonpeptlde agonists far opioid receptors. 
Screcnb^of the veiy largely 
ty fractionation of biotogtcal extracts and by oombinato- 
did chemical synthesis requires that the functional 
tss^ used have rutonfyahlgh through^ 
robust since false positives canbeasigntttordproblent 

Examples are beginning to emerge from several 
efforts showing that progress has been made in charac- 
terizing orphan GFCRs. A first example is the idenUfi- 
cation of an orphan GPCR fhat functions as a calcitonin 
gene-related peptide (OGRP) receptor*. GGRP is a pep* 
fide of 87 amino adds, widely distributed in neurones* 
and functions as a potent vasodilator Jt may be involved 
fa migraine and has beat Implicated in non-insulin* 
dependent diabetes meHI tus because it promotes resist- 
am to insulin. An orphan GPCR EST was derived from 
a human synovium d3N A library 45 * Sequence analysis 
showed fhat the new GPCR has -56% similarity to the 
human calcitonin receptor and was hence originally 
expected to be a new subtype of the calcitonin receptor. 
The message for this novel receptor was expressed 
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predominantly in hmg,wttdib^ 

rich source of GGRP receptors. Following foltlength 

doning from a human hmg Hbrary, the orphan receptor 

cDNA was stably expressed in Hm^c^ Both radio* 

Ugand binding using ^PJCGRP, as well as functional 

assays of CGRP^timulated cAMP accumulation 

demonstrated an appropriate pharmacological profile 

for the expressed receptor similar to 

endogenous GGRP receptors on human neuroblastoma 

cells. In addition to Identifying the GGRP receptor the 

teversemolecularphanr^ 

used to identify other orphan receptor* such as die 
anaphyiatoxin C3a receptor 46 . 

The examples given above are for receptors with sig- 
nificant homology to known GPCR superfamOy mem* 
bers and their Activating Uganda proved to be known 
GPCR Hgands. JVfflligandfishl^ 
fying novel endogenous Hgands? Recently, two groups 
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fig. 1 Ye artto ed toreen lor the identification of agonfcfc for orphan 6 prateitKoupfed 
feceptocs (GPCfe)- r Normal endogenous GPCR t$gnaTmg in yeast ISaaharomyces 
cenwirfielfc Substitute 

end mdrfcatioa of downstream stgnafclng pathways such that agonist stimulation of tie 
ieooiAtaflt GPCR promotes growth. This yeast stain can be screened using biological 
eattam or coflyotfid ibcriet or ^ c Yeast cetts can be enp^eered to secrets smaS 
pep U t t tow i cando<n peptide tbtny to identify autocrine surrogate, peptide agonists far 
fotootjioat^otphanGPCRx. Modified 



investigated an orphan opioid-tike receptor; ORL1 (Refc 
47 ami 48). Both grcraps expressed^ 
CHO cells and challenged the transfected cells with a 
series of opiate agonists; but without response. Both 
groups then used a similar ligand fishing approach. 
Taking crude extracts from rat brain 47 or porcine brain 48 , 
they screened against the stably transfected cell lines 
using inhibition of adenylate cydase activity as a func- 
tional assay. They were able to fractionate the brain 
extracts and identify the novel dynorphin-like ligand, 
which they called nodceptin c or orphanin FQ (Ref. 48). 
Thus* both teams successfully established a functional 
assay in transfected CHO cells that allowed the purifi- 
cation of a novel neuropeptide ligand that is 17 amino 
adds long for the orphan receptor. This work validates 
the ligand fishing approach far characterizing the func- 
tion of orphan GFCRs. 

Condttding remarks and future challenges 

Although orphan GFCRs have been around for over 
ten years; very few companies havtv until recently, been 
wQCng to risk their resources to expiate opportunities 
among fids category of reoeptors. However, the environ- 
ment for the pharmaceutic 

the confluence of several major technological advances. 
The conversion of gene sequences encoding GFCRs to 
drug targets is substantially aided by the development erf 
combinatorial chemistry methods and miniaturized high- 
throughput screening techniques. The future challenge 
for drag discovery in fids arena is to integrate these 
technologies innovative^ and productivdy. One glimpse 
of the future comes from the field of functional genomics. 
The endogenous GPCR transduction system of the 
yeast; Saodmxmyces ccrcvisiac, which is the pheromone 
pathway required for conjugation and mating, has been 
coounandeaed-throughgenetkengineering-topennit 
functional expression and coupling of human GPCRs and 



humanized G pu. subunits to the endogenous sig- 
nalling machinery*** (Rg. 4). Further manipulation 
involve conversion of the normal yeast response to 
pheroiiKKve or adivattngHgand (growth arrest) to positive 
growth on selective media or to reporter gene expression. 
In addition, yea$t cells have been engineered to express 
and secrete small peptides from a random peptide library 
that will permit the autocrine activation of heterdogously 
expressed human GPCRs (Refc 49 and 51). This provides 
an degant means of screening rapidly for surrogate pep- 
tide agonists that activate orphan receptors. This yeast 
system is, of course; not IimUed to autocrine ligand screen- 
ing but can also be used in high-througjhput mode to 
screen directly the fractions from biological extracts and 
tfie various chemical libraries as described above. A major 
advantage of the yeast system over- the mammalian 
heterologous expression systems is its ease of use and its 
lade of endogenous GPCRs, which can confound ligand 
fishing expeditions in mammalian odb. 

There Is now tremendous pressure to be the first on 
the market with highly selective drugs that target thera- 
peutic areas of unmet medical need and ideally have 
novd mechanisms of action. As a consequence; the 
pharmaceutical industry has recognized the power of 
genomics to provide it with new and unique drug tar- 
gets. Genomics has responded with a plethora of novd 
proteins; induded among them over 100 orphan GPCRs. 
Because of the proven link of GPCRs to a wide variety of 
diseases and the historical success of drugs that target 
GPCRs, we believe that these orphan receptors are 
among the best targets of the genomic era to advance 
into the drug discovery process. 
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CA 1 A 2 X«^ompetitive 
inhibitors of 
farnesyltransferase as 
anti-cancer agents 

Charles A. Omer and Nancy L Kohl 

For Ras oncoproteins to transform mammalian cells, 
they must be posMranslationally farnesylated in a 
reaction catalysed by the enzyme farnesyl-protein 
transferase (FPTase). Inhibitors of FPTase have 
therefore been proposed as anti-cancer agents. In this 
review Charles Omer and Nancy Kohl discuss the 
development of FPTase inhibitors that are kinetically 
competitive with the protein substrate in the 
famesytation reaction. These compounds are potent 
and selective inhibitors of the enzyme that block the 
ftoiourigenic phenotypes of ras-transformed cells and 
human tumour cells In cell culture and in animal 
models. 

Since the identification of farnesyl-protein transferase 
(FPTase) activity to mammalian cells, there has been an 
intense effort to develop inhibitors of this housekeeping 
enzyme for use as potential novel anticancer agents 1 **. 
This Idea steins from the fact that several of the proteins 
that regulate mammalian cell proliferation require a 
posMtanslational modification catalysed by this enzyme 
far biological activity. Efforts over the past eight years 
have yielded potent, cell-active inhibitors of FPTase 
that demonstrate antiproliferative activity in cell 
culture and in rodent models of cancer. 

The focus of the FPTase inhibitor (FIT) studies has 
been inhibition of the transforming activity of the Ras 



oncoproteins. Three ras genes;, Ha-, N- and Ki-ms, encode 
four highly homologous, 21 kD proteins. Ha-, F34A- 
and KHB-Ras (W4A- and KHB-Ras are encoded by splice 
variants of the Ki-ra$ gene) 5 . Ras functions to regulate the 
transduction of extracellular growth-promoting signals 
from membrane-bound receptor tyrosine kinases to 
intracellular growth-regulatory pathways. Typical of the 
low-molecular-weight G proteins, Ras is active when 
bound to GIF and inactive when bound to GDP. Cycling 
from the active to the inactive form is accomplished by 
the intrinsic GTPase activity of the protein. Mutations in 
Ras that abolish the GTPase activity result in constitu- 
tively active forms of the protein. Such oncogenically 
mutated forms of Ras, particularly Ki4B-Ras, are found 
in approximately 30% of many human cancers including 
90% of pancreatic cancers and 50% of colon cancers 4 * 5 . 

Ras is synthesized as a biologically inactive, cytosolic 
protein that localizes to the inner surface of the plasma 
membrane where it acquires biological activity follow- 
ingaseriesofpost-translational modifications (see Ref. 6 
for review). The first and obligatory step in this series is 
the transfer of a ISoibon isoprenoid, £arnesyt from Car- 
ney diphosphate (FIT) to the sulphur atom of tte 
tdne residue located four amino adds from the caxboxyl 
terminus of the protein. This cysteine residue is part of 
the CA t Ap( motif found in all FPTase protdn substrates, 
where C is cysteine; A t and are usually aliphatic 
amino adds and X is usually serine, methionine, giuta- 
mine^ alanine or cysteine. Following farnesyiation, 
A t ApC is proteolytically deaved and the now Cterminal 
famesykystdne is methylated. In the case of all of the 
Ras proteins except K14B-Ras, palmitate groups are then 
added to cysteine residues upstream of die farnesylated 
cysteine. The demonstration that farnesyiation is essen- 
tial for the transforming ability of the Ras oncopro- 
teins'-" has spurred the devdopment of inhibitors of 
the enzyme that catalyses this reaction, FPTase; as anti- 
cancer agents. 

FPTase is a ubiquitously expressed, cytosolic enzyme 
comprised of two subunits, a 45 kDa a subunlt and a 
48 kDa p subunlt 6 . Cross-Unking studies have shown 
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Summary 

Bile acids repress the transcription of cytochrome 
P450 7A1 (CYP7A1), which catalyzes the rate-limiting 
step in bile acid biosynthesis. Although bile acids acti- 
vate the farnesoid X receptor (FXR), the mechanism 
underlying bile acid-mediated repression of CYP7A1 
remained unclear. We have used a potent, nonsteroi- 
dal FXR ligand to show that FXR induces expression 
of small heterodimer partner 1 (SHP-1), an atypical 
member of the nuclear receptor family that lacks a 
DNA-binding domain. SHP-1 represses expression of 
CYP7A1 by inhibiting the activity of liver receptor ho- 
molog 1 (LRH-1), an orphan nuclear receptor that is 
known to regulate CYP7A1 expression positively. This 
bile acid-activated regulatory cascade provides a 
molecular basis for the coordinate suppression of 
CYP7A1 and other genes involved in bile acid biosyn- 
thesis. 

Introduction 

Cholesterol is essential for a number of cellular func- 
tions, including membrane biogenesis and steroid hor- 
mone and bile acid biosynthesis. However, in excess, 
cholesterol can contribute to disease processes such 
as atherosclerosis and gallstone formation. Therefore, 
cholesterol biosynthesis and catabolism must be coor- 
dinately regulated. The metabolism of cholesterol to bile 
acids represents a major pathway for its elimination 
from the body, accounting for approximately half of daily 
excretion. Cytochrome P450 7A (CYP7A1) is a liver-spe- 
cific enzyme that catalyzes the first and rate-limiting 
step In one of the two pathways for bile acid biosynthesis 
(Chiang, 1998; Russell and Setchell, 1992). The gene 
encoding CYP7A1 Is regulated by a variety of small, 
lipophilic molecules, including steroid and thyroid hor- 
mones, cholesterol, and bile acids. Notably, CYP7A1 
expression is stimulated by cholesterol feeding and re- 
pressed by bile acids. Thus, CYP7A1 is under both feed- 
forward and feedback regulation. 
CYP7A1 expression Is regulated by several members 

I To whom ooovspondenoe choUd be addressed (c-mafl: «ak1 5922® 
gUKOwettcomexom). 



of the nuclear receptor superfamily of ligand-activated 
transcription factors (Chiang, 1998; Gustafsson, 1999; 
Russell, 1999). Recently, two nuclear receptors, the liver 
X receptor a (LXRa; NR1H3) (Apfel et al., 1994; Willy et 
al., 1995) and farnesoid X receptor (FXR; NR1 HA) 
(Forman et al., 1995; Seol et al., 1995), were implicated 
in the feedforward and feedback regulation of CYP7A1, 
respectively (Peet et al. ( 1 998; Russell, 1 999). Both LXRa 
and FXR are abundantly expressed in the liver and 
bind to their cognate hormone response elements as 
heterodimers with the 9-cis retinoic acid receptor 
RXR (Mangelsdorf and Evans, 1995). LXRa is activated 
by the cholesterol derivative 24,25(S)-epoxycholesterol 
and binds to a response element in the CYP7A1 pro- 
moter (Lehmann et al., 1997). Mice lacking LXRa do not 
induce CYP7A1 expression in response to cholesterol 
feeding (Peet et al., 1998). Moreover, these animals ac- 
cumulate massive amounts of cholesterol in their livers 
when fed a high cholesterol diet. These data establish 
LXRa as the cholesterol sensor responsible for feedfor- 
ward regulation of CYP7A1 expression. 

Bile acids stimulate the expression of genes involved 
in bile acid transport, such as the intestinal bile acid- 
binding protein (/-BABP), and repress CYP7A1 and other 
genes encoding enzymes involved in bile acid biosyn- 
thesis, such as CYP8B1 , which converts chenodeoxy- 
cholic acid (CDCA) to cholic acid, and CYP27, which 
catalyzes the first step in the alternative, "acidic" path- 
way for bile acid synthesis (Russell and Setchell, 1992; 
Javitt, 1994; Russell, 1999). Recently, FXR was shown 
to be a bile acid receptor (Wang et al., 1996; Makishima 
et al., 1999; Parks et al., 1999). Several different bile 
acids, including CDCA and its glycine and taurine conju- 
gates, bind and activate FXR at physiologic concentra- 
tions. Moreover, FXR response elements (FXREs) were 
identified in both the mouse and human l-BABP promot- 
ers (Grober et al., 1999; Makishima et al., 1999), which 
provided strong evidence that FXR mediates the posi- 
tive effects of bile acids on l-BABP expression. Notably, 
the rank order of bile acids that activate FXR correlates 
with that for repression of CYP7A1 in a hepatocyte- 
derived cell line (Makishima et al., 1999). These data 
suggested that FXR also has a role In the negative ef- 
fects of bile acids on gene expression. However, since 
the region of the CYP7A1 promoter that Is necessary 
for bile acid-mediated repression lacks a strong FXR- 
binding site (Chiang and Stroup, 1994; Chiang et at., 
2000), It seemed unlikely that this repression was a di- 
rect effect of FXR. Thus, the molecular mechanism for 
bile acid-mediated repression of CYP7A1 remained 
in question. 

In this report, we have used a potent, nonsteroidal FXR 
ligand to demonstrate that FXR regulates the hepatic 
expression of smalt heterodimer partner 1 (SHP-1; 
NR0B2), an atypical, orphan member of the nuclear re- 
ceptor family that lacks a DNA-blnding domain (Seol et 
al., 1996), SHP-1 has been shown to bind to other nu- 
clear receptors and to repress their transcriptional activ- 
ities ( Seol et al., 1996; Masuda et al., 1997; Johansson 
et al., 1999; Lee et al., 2000). We show that SHP-1 re- 
presses the CYP7A1 promoter through Interaction with 
liver receptor homolog 1 (LRH-1; NR5A2), an orphan 
nuclear receptor that binds as a monomer to a response 
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clement In the CYP7A1 promoter and activates tran- 
scription (Becker-Andre et al. t 1993; Galameau et a!., 
1996; Nitta et a!. f 1999). LRH-1 Is a mammalian homolog 
of the Drosophlia fushi tarazu F1 gene product, which 
regulates Drosophlia metamorphosis (Lavorgna et al., 
1991; Broadus et al., 1999). Our findings define a novel 
regulatory cascade of three orphan nuclear receptors 
that provides a molecular basis for the coordinate re- 
pression of gene expression by bile acids. 

Results 

Identification of GW4064 as a Potent, 
Selective FXR Activator 

FXR was recently shown to be a receptor for COCA as 
well as other bile acids (Makishima et al., 1 999; Parks et 
aL, 1 999; Wang et al., 1 999). However, these compounds 
bind to FXR with only micromolar affinities and at these 
concentrations also interact with other proteins, Includ- 
ing bile acid-binding proteins and transporters. We 
sought to Identify a potent, selective FXR figand for use 
as a chemical tool in elucidating the genes regulated 
by FXR. Combinatorial libraries of compounds were 
screened using a ligand-sensing fluorescence reso- 
nance energy transfer assay that detects interactions 
between FXR and a peptide derived from the steroid 
receptor coactivator 1 (SRC-1) as previously described 
(Parks et al., 1999). Among the compounds that pro- 
moted an interaction between FXR and SRC-1 was the 
isoxazole GW4064 (Figure 1 A), which bound to FXR with 
a half -maximal effective concentration (EC W ) of 15 nM 
(Maloney et al., 2000). GW4064 activated mouse and 
human FXR with EC» values of 80 and 90 nM, respec- 
tively, in CV-1 cells transfected with FXR expression 
vectors and a reporter plasmid containing two copies 
of an established FXR response element (FXBE) derived 
from the Drosophila heat shock protein 27 (hsp27) pro- 
moter (Forman et al., 1995) (Figure 1B). Thus, GW4064 
is ~1 000-fold more potent than CDCA in activating FXR 
in CV-1 cells (Figure 1B). 

GW4064 was tested for selectivity against a panel 
of nuclear receptors. CV-1 cells were transfected with 
expression plasmids for various nuclear receptor-GAL4 
chimeras and the reporter plasmid (CMS)$-tk-CAT as 
previously described (Parks et al., 1999). GW4064 acti- 
vated only the FXR-GAL4 chimera (Figure 1C). Thus, 
GW4064 Is a highly selective activator of FXR. 

FXR Regulates SHP-1 Expression In the Uver 
GW4064 was exploited as a chemical tool to Identify 
the genes regulated by FXR In the liver. Male Fisher rats 
were treated for 7 days with GW4064 or vehicle alone 
(methyl cellulose). Following treatment, RNA was pre- 
pared from the livers of GW4064- and vehicle-treated 
animals, and genes that were either Induced or re- 
pressed by GW4064 treatment were determined using 
CuraGen GeneCalling~ differential gene expression 
technology (Shimkets et al., 1 999). A comprehensive list 
of the liver genes regulated by GW4064 will be published 
elsewhere. Interestingly, the gene that was most strongly 
Induced by GW4064 treatment was that encoding the 
orphan nuclear receptor SHP-1 . Northern analysis showed 
that SHP-f expression was Increased ~6-fold In the 
Kvers of GW4064-treated rats relative to vehicle-treated 
animals (Figure 2A). 
Bile acids are known to repress the expression or 





Concentration (M) 



1CH 



£ 100 

tJ c 
< ° 



eoi 



z. w 
Is 

H 



j! 



0 

Or 



f <? £ $ 



Figure 1. GW4064 Is a Potent, Selective Activator of FXR 

(A) Chemical structure of GW4064. 

(B) CV-1 cetls were transfected with expression plasmids for human 
or mouse FXR and the (hsp70EcRE) r tk-LUC reporter plasmid con- 
taining two copies of the hsp70 ecdysone response element up- 
stream of the thymidine kinase (tk) promoter and luciferase gene. 
Transfected ceils were treated with the Indicated concentrations of 
either GW4064 or COCA, Open circles, mouse FXR and GW4064; 
open triangles, human FXR and GW4064; closed circles, mouse FXR 
and COCA; closed triangles, human FXR and COCA, Data points 
represent the mean of assay* performed In triplicate. 

(O CV-1 cells were transfected wHh expression vectors for various 
GAL4-ouctear receptor figand-btnding domain chimeras and the 
reporter plasmid «SAS)r*-CAT. Transfected cells were treated with 
1 |iM GW40G4. Data represent the mean of assays performed In 
triplicate ± S.O. 

CYP7A1 as part of a regulatory feedback loop that con- 
trols the rate of their biosynthesis from cholesterol 
(Russell and Setchell, 1992; Russell, 1999). Two recent 
studies Implicate FXR In the repression of CYP7A1 
(Makishima et at., 1999; Wang et al. f 1999), although the 
molecular mechanisms have remained unclear since the 
CYP7A1 promoter does not contain a consensus FXRE 
(Chiang et al., 2000). In parallel with our analysis of 
SHP- 1 expression, we examined whether GW4064 treat- 
ment resulted In decreased CYP7A1 expression In male 
Fisher rats. Rats treated with GW4064 showed a sub- 
stantial decrease In CYP7A1 mRNA levels (~4-fold, Fig- 
ure 2A). Thus, GVY4064 mimics the well documented 



A Regulatory Cascade of Nuclear Receptors 
610 



A 



SKP-t 



CYPTA1 




B 



Rat 

CW<064QiM) 




Vrfwc* CW<OW 



Human 

GW4064 (yU) 





0 0.1 OS 1 


ft 10 




0 01 04 1 5 10 


SHP-1 




SHP-1 




p-actin 






p-actin 





CW40«4 (pWj 

I 1 

0 O.t OS 1 6 <0 




CYP7A1 
p-actin 



o 0.1 OS 1 5 10 



i TTCCIXXCCTaCMCAQCCI SWTt*A.TCMX.TjltSTTTi 
i riOCTOCCCT»3T»CfcaCC1 30CTTM.TM 



rTA.TCC«TTCACTCJLT «•» 
TMOOCTPaJLCTCAT 

rr*.T*£*CTPC*cpc« «»• 



B 



Piooe rSHP mSHP hSHP ml-BASP ht-BABP 

I 1( H If - II 1 

RXRa + -4-4-+ + - + +- + + - + 



hFXR -++-++-++-++" + + 





COCA QiU) 




Comofltivx W-eABP mSKP rSHP hSHP mSHPmut 

K il il~ 

23 75 S 25 75 5 M 75 5 25 75 



Figure 2. FXR Ugands Induce SHP-1 and Repress CYP7A1 Ex- 
pression 

(A) Total RNA was prepared from the fivers of male Fisher rats treated 
for 7 days wKh GW4064 or vehicle alone. Northern analysis was 
performed using probes for rat SWP-f and CYP7A1. Data represent 
the mean (n - 3) ± standard error of the means. The asterisk denotes 
a statistically significant difference between vehicle- and GW4064- 
treated animals; P < 0.05. 

(8) Total RNA was prepared from primary rat or human hepatocytes 
treated for 46 hr with the Indicated concentrations of GW4064 or 
vehicle alone. Northern analysis was performed using probes for 
rat or human S/YP-f, CYP7A1, or p-actin. 

(O Total RNA was prepared from primary human hepatocytes 
treated for 48 hr with the Indicated concentrations of COCA. North- 
ern analysis was performed using probes for human SHP-1, 
CYP7A1. or p-actin. 



effects of naturally occurring FXR ligands, namely bile 
acids, on CYP7A1 expression. This observation pro- 
vides compelling evidence that FXR mediates feedback 
repression of CYP7A1 by bile acids. 

To substantiate the in vivo data and extend them to 
human hepatocytes, we examined whether SHP-1 and 
CYP7A1 expression were regulated by FXR in primary 
cultures of rat and human hepatocytes. Hepatocytes 
were treated with Increasing concentrations of GW4064, 
and the levels of SHP-1 and CYP7A1 expression were 
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Figure 3. Identification of FXR Binding Sites in the Human. Rat, and 
Mouse SHP-1 Promoters 

(A) Alignment of the proximal regions of the human, rat, and mouse 
SHP-1 promoters. The conserved IR1 FXR binding site is boxed. 
Conserved nucleotides are indicated by asterisks. 
(8) Eiectrophoretic mobility-shift assays were performed with in vitro 
synthesized human FXR and/or human RXRo as Indicated and re- 
labeled oKgonucleotides containing the IR1 motif from the rat, 
mouse, or human SHP-1 promoters or the mouse or human l-BABP 
promoters. The positions of the shifted FXR/RXRa complex and free 
probes are Indicated. 

(O Bertrophoretic mobility-shift assays were performed with In vitro 
synthesized human FXR and/or human RXRo, a [*P] -labeled oligo- 
nucleotide containing the human l-BABP FXRE, and either a 5-, 25-, 
or 75-foW excess of unlabeled oCgonudeotides containing the IR1 
motifs from the human hSABP promoter, the mouse, rat, or human 
SHP-1 promoters, or a mutated derivative of the mouse SHP-1 IR1 
motif (mSHPmut). The position of the shitted FXR/RXRa complex 
is Indicated. 



examined by Northern blot analysis. GW4064 treatment 
markedly Increased SHP-1 expression and decreased 
CYP7A1 expression In hepatocytes from both species 
in a dose-dependent fashion (Figure 2B). Similar results 
were obtained In human hepatocytes treated with the 
natural FXR ligand CDCA (Figure 2C). As expected, 
COCA was less potent than GW4064 In Its effects on 
gene expression (compare Figures 2B and 2C). These 
data strongly suggest that FXR regulates SHP-1 and 
CYP7A1 expression In both human and rodent hepato- 
cytes. Notably, there was a striking reciprocal relation- 
ship between the regulation of SHP-1 and CYP7A1 
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Figure 4. FXR Activate* the Flat and Human 
SHP-1 Promoters 

HcpG2 celts were transfected with the human 
FXR expression ptasmid end kictf erase re- 
porter piasmids containing the proximal pro- 
moters of the rat flA]« nucleotides -441 to 
+ 1 9) or human ([BJ t nucleotides - 572 to + 1 0) 
SHP-1 genes or the corresponding reporter 
piasmids in which the IR1 elements had been 
mutated (AIR1). Following transfection, cells 
were treated for 48 hr with GW4064 (1 *iM) 
or CDCA (100 »iM). Oata represent the 
mean i S.O. of six individual transfections. 



expression: GW4064 and CDCA repressed CYP7A1 ex- 
pression at the same concentrations that were required 
to induce SHP-1 expression (Figures 2B and 2C). Since 
SHP-1 is known to heterodimerize with several other 
members of the nuclear receptor superfamily and to 
repress their transcriptional activity ( Seol et al M 1996; 
Masuda et al., 1997; Johansson et al., 1 999), these data 
raised the intriguing possibility that FXR-mediated in- 
duction of SHP-1 might underlie the repression of 
CYP7A1 expression (see below). 

FXR Binds and Activates SHP-1 Promoters 
We next sought to determine whether SHP- 1 expression 
is directly regulated by FXR. FXR preferentially binds as 
a heterodimer with RXR to FXREs composed of two 
nuclear receptor half-sites of consensus AG(G/T)TCA 
organized as an Inverted repeat and separated by a 
single nucleotide (IR1) (Forman et al., 1995). IR1-type 
FXREs have been Identified in the human and mouse 
i-BABP promoters (Grober et al., 1999; Makishima et 
aL, 1999). The mouse, rat, and human SHP-1 promoters 
were examined for IR1 motifs. A highly conserved IR1 - 
like element was Identified ~300 nucleotides upstream 
of the transcription Initiation site In the SHP-f promoter 
of an three species (Figure 3A). Bectrophoretic mobility- 
shift analyses demonstrated that the FXR/RXR complex 
binds efficiently to the IR1 element from the SHP-1 pro- 
moter of each species (Figure 3B). In agreement with 
earlier observations (Grober et aU 1999), the FXR/RXR 
heterodimer also bound to the mouse and human 
l-BABP FXREs (Figure 3B). Competition binding analy- 
ses showed that these Interactions were specific: no 
competition was seen with a mutated derivative of the 
IR1 motif derived from the mouse SHP-1 promoter (Fig- 
ure 3C). 

The presence of an FXR/RXR binding site suggested 
that the SHP-1 gene Is directly regulated by FXR. To 
test this hypothesis, HepG2 cells were transfected with 
an FXR expression plasmld and reporter piasmids ex- 
pressing luciferase under the control of either the rat or 



human SHP-1 promoters. GW4064 treatment of ceils 
transfected with the FXR expression plasmid and either 
promoter construct resulted in a marked induction of 
reporter activity (Figures 4A and 4B). Based on Northern 
blot analysis of SHP-1 expression (Figure 2B), the mag- 
nitude of the response from the rat (7-fold) and human 
(3-fold) SHP-1 promoters was somewhat lower than ex- 
pected and it is possible that other promoter or enhancer 
elements contribute to the regulation of SHP-1 expres- 
sion. Alternately, additional factors present in well differ- 
entiated cultures of rat hepatocytes but not HepG2 cells 
may be required for maximal FXR responsiveness. In 
the absence of exogenously expressed FXR, the rat and 
human SHP- 1 promoters exhibited a modest (~1 .5-fold) 
induction on exposure to GW4064, which is most likely 
due to endogenous FXR in HepG2 cells (data not shown). 
FXR responsiveness was eliminated when mutations 
were introduced into the IR1 motifs in either the rat or 
human SHP-1 promoters (Figures 4A and 4B). These 
data provide strong evidence that SHP-1 expression 
is regulated directly by the FXR/RXR heterodimer in 
multiple species. 

SHP-1 Interacts with Orphan Nuclear 
Receptor LRH-1 

The finding that SHP-1 expression is regulated by FXR 
togetherwith the reciprocal relationship between SHP-1 
and CYP7A1 regulation (Figure 2) suggested that SHP-1 
might play a pivotal role In bile acid-mediated repression 
of CYP7A1 expression. Regulation of the CYP7A1 pro- 
moter Is complex and involves numerous transcription 
factors, including nuclear receptors with known ligands 
such as the thyroid hormone receptor (TR), retinoic acid 
receptor (RAR), RXR and LXRot, and the orphan recep- 
tors COUP-TFII, HNF4a, and LRH-1 (Lehmann et -al., 
1 997; Stroup et al., 1 997; Chiang, 1 998; Peet et al., 1 998; 
Nitta et al., 1999; Russell, 1999; Stroup and Chiang, 
2000). SHP-1 has previously been Bhow to bind to and 
repress the transcriptional activities of TR, RAR, and 
RXR In the presence of their ligands and HNF4a In the 
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Figure 5. SHP-1 Interacts with the Orphan Nuclear Receptor LRH-1 

(A) Mammalian two-hybrid experiments were performed in CV-1 
cells cotransfected with expression plasmids for the GAL4-human 
SHP-1 chimera and various VP16-nuclear receptor lig and -binding 
domain chimeras. Transfection assays containing the LXRq-, FXR-, 
RARa-, TRp-, ERa-. and RXRa-GAL4 chimeras were performed in 
the absence or presence of the indicated ligands (respectively: EPC, 
24(S) ( 25-epoxycholesterol (10 jtM). GW4064 {1 y-M); RA. all-tons 
retinoic acid (0.1 >iM); T* triiodothyronine (0.1 fiM); E 3 . estradiol (0.1 
jlMJ; 9-c/s RA, 9-c/s retinoic acid (0.1 n-M)]. Data are expressed as 
fold activation over cells transfected with the (UAS) 4 -tk-CAT reporter 
alone and represent the mean of assays (n « 8) ± S.D. 

(B) GST pull-down assays were performed with (*Sl-labeted LRH-1 
or RXRa In the presence of GST or GST-SHP-1 as Indicated. 9 -as 
retinoic acW (9-c/s RA) was added to the binding reaction to a final 
concentration of 10 y.M. 



absence of any exogenous ligand (Seol et al. ( 1996; 
Masuda et al., 1997). Using a mammalian two-hybrid 
approach, we examined whether SHP-1 interacts with 
these and other nuclear receptors that have been Impli- 
cated in the regulation of CYP7A T. CV-1 cells were trans- 
fected with an expression plasmid for a GAL4 -SHP-1 
chimera, the (CMSfc-tk-CAT reporter, and expression 
plasmids for chimeras between the strong transcrip- 
tional activation domain of VP1 6 and the isolated ligand- 
binding domains of a panel of nuclear receptors (Figure 
5A). When transfected alone, the GAL4 -SHP-1 chimera 
caused a minor reduction (~0.3-fold) in reporter activity 
(Figure 5A). However, reporter activity was strongly in- 
duced when GAL4-SHP-1 was coexpressed with VP16- 
RXRct (~44-fold) or VP16-estrogen receptor a (ERa, 
~1 1 -fold) in the presence of 9-c/s retinoic acid and estra- 
diol, respectively (Figure 5A). These interactions were 
strongly dependent on the presence of ligand. Utile or 
no Interaction was detected between SHP-1 and LXRot, 



FXR, COUP-TFII, HNF4ot, RARa, or TRp In our mamma- 
lian two-hybrid assay (Figure 5A). The lack of a stronger 
interaction between SHP-1 and either TRp, RARa, or 
HNF4a was surprising in light of the previous results of 
others (Seol et al., 1996; Masuda et al., 1997) and may 
reflect differences in the assay systems used. Notably, 
strong reporter activity was detected when GAL4 -SHP-1 
was expressed with VP1 6-human LRH-1 or VP1 6-mouse 
LRH-1 (~1 4-fold activation for both human and mouse). 
This activity was completely dependent on the presence 
of GAL4-SHP-1 (data not shown). These data demon- 
strate that SHP-1 can interact with LRH-1 in cells. Inter- 
estingly, little or no interaction was detected between 
SHP-1 and steroidogenic factor 1 (SF-1) (Figure 5A), a 
closely related orphan receptor that shares ~60% amino 
acid identity with LRH-1 in the ligand -binding domain 
(Tsukiyama et al., 1992; Honda et al., 1993; Ikeda et al., 
1993). 

Using a glutathione S-transf erase. (GST) pull-down 
assay, we examined whether SHP-1 binds directly to 
LRH-1. SHP-1 was expressed in £ colt as a fusion pro- 
tein with GST, and [*S]-labeled LRH-1 was synthesized 
in vitro. Glutathione-Sepharose beads efficiently copre- 
cipitated pSJ-labeled LRH-1 in the presence of GST- 
SHP-1 but not in its absence (Figure 5B). In parallel 
incubations, GST-SHP-1 interacted strongly with ["S]- 
labeied human FtXRa in the presence of 9-c/s retinoic 
acid (Figure 5B). These data are in close agreement with 
those derived from mammalian two-hybrid experiments 
(Figure 5A). Thus, SHP-1 interacts directly with LRH-1 . 

SHP-1 Represses Expression of CYP7A1 
Does SHP-1 have a role in the repression of CYP7A1 
expression by FXR ligands? We addressed this question 
by performing cotransfection experiments with a rat 
CYP7A1 lucif erase reporter plasmid (pGL3-rCYP7Al 
[-1573/+36]) containing nucleotides -1573 to +36 of 
the rat CYP7A1 promoter, which includes a conserved 
LRH-1 binding site (Nitta et al., 1999). In the absence of 
exogenously expressed LRH-1 , the activity of the pGL3- 
rCYP7A1 (-1 573Z+36) reporter was low when transiently 
transfected Into HepG2 cells (data not shown). Cotrans- 
fection of increasing amounts of an LRH-1 expression 
plasmid resulted in a dose-dependent Increase In re- 
porter activity (Figure 6). This LRH-1 -dependent reporter 
activity was completely blocked by the cotransfection 
of SHP-1 expression plasmid (Figure 6). These data sug- 
gest that Interactions between SHP-1 and LRH-1 repre- 
sent a basis for bile acid-mediated repression of 
CYP7A1 expression. 

Discussion 

. The recent discovery that FXR Is a bile acid receptor 
provided a great deal of insight Into the molecular mech- 
anisms underlying bile acid signaling. In particular, these 
studies uncovered the mechanism whereby bile acids 
stimulate the transcription of genes, such as t-BABP, 
Involved in bile acid transport High-affinity binding sites 
for the FXR/RXR heterodimer have been identified in 
both the human and mouse t-BABP promoters (Grober 
et al., 1999; Maklshlma et al., 1999). By contrast, the 
mechanism underlying bile acid-mediated repression of 
CYP7A1 expression remained a puzzle, since an FXRE 
had not been Identified in the bile acid response ele- 
ments of this gene (Chiang and Stroup, 1994; Chiang et 
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Figure 6. SHP-1 Represses LRH-1 -Dependent Activation of the Rat 
CYP7A1 Promoter 

HepG2 ceOs were transfected with the rat CYP7A 1 reporter plasmid, 
pGL3-rCYP7A1(-1573/+36), and the Indicated amounts of LRH-1 
and/or SHP-1 expression plasmkis. Data represent the mean of 
assays performed in triplicate ± S.O, 

al. f 2000). We now present evidence that FXR does not 
repress CYP7A1 expression directly, but rather through 
induction of the gene encoding the orphan nuclear re- 
ceptor SHP-1 , which, in turn, represses CYP7A1 expres- 
sion. Similar findings have been reported by Lu et al. 
(2000 [this issue of Mot. Cell]). Consistent with this 
model, it was recently shown that SHP-1 expression is 
markedly lower and not inducible by cholic acid in the 
livers of mice lacking FXR (Sinai et al., 2000). Taken 
together, these data provide a molecular explanation 
for the coordinate suppression of gene expression by 
bile acids. 

SHP-1 Represses CYP7A1 Expression 
We encountered the orphan nuclear receptor SHP-1 as 
part of a comprehensive, unbiased effort to identify FXR 
target genes In the liver. SHP-1 expression was strongly 
Induced In the fivers of rats treated with the potent, 
nonsteroidal FXR ligand GW4064. SHP-1 expression 
was also markedly Induced by GW4064 in primary cul- 
tures of human and rat hepatocytes, whereas CYP7A1 
expression was suppressed under the same conditions. 
The reciprocal relationship between SHP-1 and CYP7A1 
regulation, together with the established inhibitory ef- 
fects of SHP-1 on nuclear receptor activity, suggested 
that SHP-1 might repress CYP7A1 expression. Indeed, 
expression of SHP-1 repressed the activity of the rat 
CYP7A1 promoter in HepG2 cells. 
SHP-1 Is unusual in that K lacks the highly conserved 



DNA-binding domain typically found In members of the 
nuclear receptor family. SHP-1 was originally cloned In 
yeast two-hybrid experiments using the orphan nuclear 
receptors CAR or PPARa as bait, but it Interacts with a 
number of additional nuclear receptors, including ERa 
and ERp, RAR, RXR, and TR (Seol et al., 1996; Masuda 
et al., 1997; Seol et al., 1998; Johansson et al., 1999). 
In each case, SHP-1 represses the tigand-lnduced tran- 
scriptional activity of these receptors. How does SHP-1 
repress transcription of the CYP7A 1 promoter? Our data 
indicate that SHP-1 exerts much of its effect through 
interaction with the orphan nuclear receptor LRH-1. 
SHP-1 interacted strongly with LRH-1 in both a mamma- 
lian two-hybrid assay and an in vitro pull-down assay. 
Moreover, SHP-1 efficiently repressed LRH-1 -depen- 
dent activation of the rat CYP7A1 promoter; LRH-1 was 
recently shown to activate the human CYP7A1 promoter 
by binding to an extended nuclear receptor half-site 
sequence that is conserved in the mouse, rat, and ham- 
ster CYP7A1 promoters (Nitta et al., 1999). Earlier stud- 
ies had defined DNA response elements in the CYP7A1 
and CYP8B1 gene promoters that conferred repression 
in response to bile acids (Chiang and Stroup, 1994; 
Chiang et al., 2000; del Castillo-Olivares and Gil, 2000). 
Notably, each of these negative bile acid response ele- 
ments contains an LRH-1 binding site. Consistent with 
these data, CYP8B1 expression was repressed 3-fold 
in Fisher rats treated with GW4064 (S. A. J., unpublished 
data). Thus, interactions between SHP-1 and LRH-1 are 
likely to be important for the coordinate repression of 
a number of genes by bile acids. Among the genes that 
may be regulated by the interaction between SHP-1 and 
LRH-1 is SHP-1 itself. An LRH-1 -responsive region of 
the murine SHP-1 gene has been identified (Lee et al., 
1999). Thus, SHP-1 is likely to regulate its own expres- 
sion. This feedback regulation may provide a mecha- 
nism for attenuating the bile acid-mediated repression 
of genes by SHP-1. A model for bile acid-mediated re- 
pression of gene expression via increased SHP-1 levels 
is shown in Figure 7. 

Two recent reports showed that SHP-1 represses the 
transcriptional activation of ERa and ERp, RXR, and the 
orphan receptor HNF4a by competing with coactivator 
binding to these receptors (Johansson et al., 1999; Lee 
et al., 2000). In addition, SHP-1 contains a strong tran- 
scriptional repressor domain in its C terminus (Lee et 
al., 2000). Furthermore, SHP^I has been shown to inhibit 
DNA binding of RAR-RXR heterodimers (Seol et al., 
1 996). Taken together, these studies suggest that SHP-1 
inhibits the transcriptional activity of nuclear receptors 
through multiple mechanisms. To date, we have been 
unable to demonstrate inhibition of LRH-1 binding to Ks 
response element in the CYP7A1 promoter by SHP-1 
(data not shown). Thus, the mechanism by which SHP-1 
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Figure 7. Model for the Feedforward and 
Feedback Reflutatocy Effects of Bile Acids on 
Gene Expression 

Activation of FXR by bile acids resutls In the 
Induction of l-BABP and SHP-1 expression. 
SHP-1. In turn, Interacts wtth LRH-1 and re- 
presses expression of CYP7A1 and CYPSB1. 
SHP-1 may also repress expression of Its own 
gene. 
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Inhibits LRH-1 -mediated transacti vation of the CYP7A1 
promoter remains unresolved. 

In addition to the Interactions between SHP-1 and 
LRH-1, other mechanisms may play a rote in bile acid- 
mediated repression of CYP7A1 expression. First, SHP-1 
binds to and represses the transcriptional activity of 
other nuclear receptors that regulate CYP7A1, Including 
RXR and TR ( Seol et al., 1996; Masuda et a!., 1997). 
These interactions may also contribute to bile acid- 
mediated repression of CYP7A1 expression. Second, 
ligand-bound FXR was reported to repress LXRa activity 
on an LXRa response element (Wang et al., 1999), al- 
though the mechanism for this frans-repression is not 
clear. Since LXRa stimulates rodent CYP7A1 expression 
in response to oxysterols, repression of LXRa activity 
may contribute to the overall repression of CYP7A1. 
Thus, SHP-1/LRH-1 interactions may be one of several 
mechanisms whereby bile acids repress expression of 
CYP7A1 and other genes. 

Parallels between SHP-1/LRH-1 and Other 
Nuclear Receptor Pairs 

Intriguing parallels exist between the SHP-1/LRH-1 in- 
teraction and another pair of nuclear receptors. LRH-1 
is most closely related to the orphan receptor SF-1, 
which regulates the expression of enzymes required for 
steroid hormone biosynthesis (Parker, 1998; Hammer 
and Ingraham, 1999). SF-1 and LRH-1 are ~85% identi- 
cal in the amino acid sequences of their DNA-binding 
domains, and both bind as monomers to the same ex- 
tended nuclear receptor half-site sequence. Notably, the 
transcriptional activity of SF-1 is repressed by binding 
to DAX-1 (dosage-sensitive sex-reversal adrenal hypo- 
plasia congenital region on the X chromosome, region 
1; NR0B1), an orphan nuclear receptor most closely 
related to SHP-1 that also lacks the DNA-binding domain 
characteristic of nuclear receptors (Zanaria et al., 1994; 
Hammer and Ingraham, 1999). Thus, both SF-1 and 
LRH-1 are negatively regulated in a frans-dominant fash- 
ion by heterodimerization with orphan receptors lacking 
DNA-binding domains. Since SHP-1 expression is stim- 
ulated by bile acids, it will be interesting to determine 
whether DAX-1 expression is also regulated by hor- 
mones. 

A second nuclear receptor pair with similarities to 
SHP-1 /LRH-1 occurs in Drosophila. Hormonal activation 
of the ecdysone receptor (EcR) during the third larval 
instar phase of Dcosophlta metamorphosis results in 
an increase in the expression of two orphan nuclear 
receptors, DHR3, which has a functional DNA-binding 
domain, and E75B, which does not E75B binds to DHR3 
and represses Its transcriptional activity (Thummel, 
1997; White et al. t 1997). This Interaction Is critical for 
determining the temporal progression of metamorpho- 
sis. The EcR/E75/DHR3 and FXR/SHP-1 /LRH-1 regula- 
tory cascades are remarkably similar In that hormone- 
mediated activation of a nuclear receptor (either FXR or 
EcR) induces expression of a second nuclear receptor, 
which, in turn, binds to and represses the activity of a 
third nuclear receptor. The similarities in these genetic 
hierarchies across evolution suggest that repression via 
heterodimerization may represent an Important para- 
digm for the modulation of orphan receptor activity. 

Conclusions 

The mechanism whereby FXR represses expression of 
CYP7A1 and other genes has until now remained an 



enigma. Through the use of a potent, nonsteroidal FXR 
ligand, we have Identified SHP-1 as an FXR target gene 
in the liver of humans and rodents. Furthermore, we 
have demonstrated that SHP-1 can Interact with LRH-1 
and efficiently repress expression of CYP7A1. Thus, bile 
acid-Induced repression of CYP7A1 Is mediated by a 
novel regulatory cascade of three nuclear receptors. 
Since both the CYP7A1 and CYP8B1 gene promoters 
contain LRH-1 binding sites, the SHP-1/LRH-1 partner- 
ship is likely to have broad implications in bile acid 
signaling. Both SHP-1 and LRH-1 are orphan receptors, 
which raises the possibility that bile acid biosynthesis 
will be regulated by additional, unidentified hormones. 
Regardless of whether SHP-1 and LRH-1 have natural 
ligands, pharmacologic modulation of their interaction 
represents an exciting new opportunity for the discovery 
of drugs that regulate cholesterol homeostasis. 

Experimental Procedures 
Materials 

The synthesis of GW4064 win be described elsewhere (MaJoney et 
al„ 2000). COCA, dexamethasone, estradiol, afl-frans retinoic acid. 
9<is retinoic acid, and charcoal-stripped, delipidated calf serum 
were acquired from the Sigma Chemical Co. (St. Louis, MO). 
24(S),25^epoxycnolesterol was synthesized in-house. DNA-modi- 
fying enzymes, polymerases, and restriction end onuc! eases were 
provided by Roche Molecular Biochemicals (Indianapolis, IN). Char- 
coal/dextran-treated fetal bovine serum (FBS) was purchased from 
Hyclone Laboratories Inc. (Logan. UT). The human hepatocellular 
carcinoma cell line HepG2 was obtained from the American Type 
Culture Collection (ATCC number HB -806 5, Manassas, VA). Matrigel 
was provided by Becton Dickinson Labware (Bedford, MA). All other 
tissue culture reagents were obtained from Life Technologies Inc. 
(Gaithersburg, MD). 

Animals 

Male Fisher rats were obtained from Charles River Laboratories Inc. 
(Raleigh, NC) and maintained on a 12 hr light/12 hr dark cycle. 
Animals were allowed food and chow ad libitum. GW4064 (30 mg/ 
kg) was administered by gavage twice a day for 7 days and the 
animals sacrificed by cervical dislocation 4 hr after the final treat- 
menL Uvers were excised and snap-frozen in liquid nitrogen. Differ- 
ential gene expression analysis was performed by CuraGen Corp. 
(New Haven, CT). 

Ptasmld Constructs 

Expression ptasmlds for the human nuclear receptor-GAL4 chime- 
ras were prepared by krserting amplified cONAs encoding the 6- 
gand-binding domains Into a modified pSG5 expression vector 
(Stratagene, La JoOa. CA) containing the GAL4 DNA-binding domain 
(amino acids 1-147) and the Simian virus 40 (SV40J Urge T antigen 
nuclear localization signal (APKKKRKVG). The (t/AS>tk-CAT and 
(hsp27EcRE)rtk4JUC reporter constructs have been previously de- 
scribed (Forman et al., 1995; Parks et al., 1999). pp-acttn-SPAP. an 
expression vector containing the human secreted placental atkafine 
phosphatase (SPAPJ cONA under the control of 0-actin promoter, 
was used as an Internal control In ait transfections. The expression 
ptasmlds for human and mouse FXR (pSG5-hFXR and pSGS-mFXR, 
respectively) and human SRC-1 are described elsewhere (KHewer 
et al., 1998; Parks et at, 1999). The Mi-length coding regions for 
human LRH-1 (GenBank Accession Number AB01 924G) and human 
SHP-1 (GenBank Accession Number L76 571) were emptied by PCR 
and cloned Into pSG5, creating pSG5-hLRH-1 and pSG5-hSHP-1, 
respectively. A consensus Kozak sequence was created during 
amplification. The rat (bases -441 to +19, GenBank Accession 
Number 086745) (Masuda et aL, 1997) and human (bases -672 to 
+10, GenBank Accession Number AF04431C) (Lee et al„ 1998) 
SHP- 1 promoters wore amplified by PCR using the (otlowtng primer 
pairs: Rat 6'-ggg1gtgcgagatct<XCTGGCTGGCTCOT ' 
(sense) and 6'-gggtgtgcgagatctCCTGTTTCTTCCTGGCTCTGT 
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GGC-T (arttiscnsc); and human, 6'-flggtgtgcQagatctTCCTAGACT 
GGACAGTGGGCAAAG-3' (sense) and 6'^ggtgtgcgagatctCTTCC 
AGCTCTCTGGCTCTGTGTT-3 ' (antisense). The resuttant fragments 
were inserted Into the flgfll site of pGL3-Basic, a promoter-less 
luciferase reporter vector (Promega, Madison, WT). Site<firected 
mutagenesis of putative FXREs In the rat and human SHP- 1 promot- 
ers was performed using the Transformer mutagenesis system 
(CtONTECH Laboratories, Palo Alto. CA) with the AratlRI (bases 
-321 to -287, 5'-CCTGGTACAGCCTGGaaTAATAUaCTGTTTA 
and AhumanlRI (bases -304 to -270, 5 ' -CCTGGTAC AGCCT GA 
aaTAATG taCTT GTTTATCC -3 *) primers. Mutated constructs were 
verified to be free of nonspecific base changes by sequencing. 
pGL3-rCYP7A1(-1573/+36) contains bases -1573 to +36 of the rat 
CYP7A1 promoter (GenBank Accession Number Z14108) inserted 
into the Wfiel site of pGL3 -Basic. VP16-nuclear receptor chimeras 
contain the 80 aa Herpes virus VP16 transactivation domain linked 
to the Egand-binding domain of the following nuclear receptors in 
a modified pSGS expression vector human COUP-TFH, ERa, LRH-1 . 
UCRo, RARa, and TRp; mouse FXR, LRH-1, RXRo. and SF-1; and 
ratHNF4o. 

Transient Transfection Assays 

Transient transfection of CV-1 cells was performed exactly as de- 
scribed elsewhere (Jones et at., 2000). Typically, transfection mixes 
contained 2-5 ng of receptor expression vector, 20 ng of reporter 
construct and 6 ng of pB-actin-SPAP. The amount of DNA used 
In each transfection was adjusted to 80 ng with carrier plasmid 
(pBtuescript, StratageneJ. Mammalian two-hybrid experiments uti- 
lized transfection mixes containing 20 ng of VP16 nuclear receptor 
Cgand -binding domain expression vector, 5 ng of pSG5-GAL4- 
SHP-1, 15 ng of (UAS) ( -tk-CAT. and 8 ng of pfl-actin-SPAP. Cells 
were maintained for 24 hr in the presence of drug (added as a 
1000X stock in dimethyl sulfoxide) in DMEM/F-12 nutrient mixture 
containing 10% charcoal -stripped, delipidated call serum. An ali- 
quot of medium was assayed for SPAP activity, and the cells were 
lysed prior to determination of luciferase expression. Luciferase 
activities were normalized to SPAP. HepG2 cells were maintained 
In OMEM/F-12 supplemented with 10% heat-inactivated FBS (Life 
Technologies Inc.). Ptasmid ONA was transfected into HepG2 cells 
using the FuGENE6 transfection reagent according to the manufac- 
turer's Instructions (Roche Molecular Biochemicals). Thus, 24 -well 
culture plates (15 mm diameter) were inoculated with 7 x 10 s cells 
24 hr prior to transfection. Cells were transfected overnight in serum- 
free OMEM/F-12 with 100 ng of reporter construct, 32 ng of pp- 
actin-SPAP, and 0-400 ng of receptor expression vectors (adjusted 
to 400 ng with carrier plasmid). Following transfection, the medium 
was aspirated and the ceOs were cultured for a further 48 hr in 
OMEM/F-12 supplemented with 10% heat-Inactivated FBS. SPAP 
and luciferase values were determined as described above. 

Primary Cutture of Human and Rat Hepatocytes 
and Northern Blot Analysis 

Primary human hepatocytes were obtained from Dr. Steve Strom 
(University of Pittsburgh). Rat hepatocytes were Isolated as de- 
scribed elsewhere (LeCtuyse et at, 1996). CeOs (1-6 * Kfl were 
cultured on Matrlgei-coated 6-wett plates In serum -free Wifliams' 
E medium supplemented with 100 nM dexamethasone, 100 U/ml 
penldttn G, 100 |tQ/ml streptomycin, and InsuGn-transfenin-seie- 
nlum (TTS-G, Ufe Technologies Inc.). Twenty-four hours after Isola- 
tion, hepatocytes were treated with either GW4064 (0.1-10 jtM) or 
COCA (1-100 |tM), which were added to the cutture medium as 
1000X stocks In dimethyl sulfoxide. Control cultures received vehi- 
cle alone. Cells were cuftured for a further 48 hr prior to harvest 
and total RNA was Isolated using a commerciany available reagent 
(TrtzoC Ufe Technologies Inc.) according to the manufacturer's In- 
structions. Total RNA (1 0 |ig) was resolved on a 1 % agarose/2-2 M 
formaldehyde denaturing gel and transferred to a nyton membrane 
(Hybond N+. Amersham Pharmacia Biotech Inc.. Piscataway. NJ). 
Blots were hybridized with "P-labeted cONAs corresponding to hu- 
man SHP-f (GenBank Accession Number L76571), human CYP7A1 
£ases 99-1564, GenBank Accession Number M93133), mouse 
SHP-1 Cbases 30-763, GenBank Accession Number L76567), or rat 
CVP7A1 (bases 235-460. GenBank Accession Number J05460). 



Subsequently, Wots were stripped and reprobed with a radiolabeled 
p-actin cONA (CLONTECH Laboratories). 

Boctrophoretic Mobility-Shift Assays 

Bectrophoretic mobiGty-shift assays (EMSA) were performed essen- 
tially as described elsewhere (Lehmann et ai., 1997). hFXR and 
hRXRa were synthesized from pSG5-hFXR and pSG5-hRXRo ex- 
pression vectors, respectively, using the TNT 77 Coupled Reticulo- 
cyte System (Promega). Unprogrammed lysate was prepared using 
the pSG5 expression vector (Stratagene). Binding reactions con- 
tained 10 mM HEPES (pH 7.8), 60 mM KCI, 0.2% Nonidet P-40. 
6% glycerol. 2 mM dithiothreitol pTT), 2 ng of poly(dl-dC)«poty(dl- 
dC). and 1 |il each of synthesized hFXR or hRXRa. Control incuba- 
tions received unprogrammed lysate alone. Reactions were pre- 
incubated on ice for 10 min prior to the addition of [ n P]4abeled 
double-stranded oligonucleotide probe (0.2 pmoQ. Competitor oli- 
gonucleotides were added to the preincubation at 5-, 25-, and 75- 
foW molar excess. Samples were held on ice for a further 20 min, 
and the protein-ONA complexes resolved on a pre-electrophoresed 
5% polyacrylamide gel in 0.5 x TBE (45 mM Tris-borate, 1 mM EDTA) 
at room temperature. Gels were dried and autoradiographed at 
-70*C for 1-2 hr. The following double-stranded oligonucleotides 
were used as probes and competitors In EMSA: rSHP, 5'-gatcCCTG 
GGTTAATAACCCTGT-3'; mSHP. 5*- gatcCCTGGGTTAATGACCC 
TGT-3'; hSHP. 5'- g atcCCTGAGTTAATG ACCTTGT-3 ml -BAB P, 
5 ' -o, alcTTAAGGTGAATAACCTTGG-3'; hi -BAB P, 5'-flatcCCAGGT 
GAATAACCTCG G -3 ' (Grober et al., 1 999); and mSHPmut 5'-gatcCC 
TGGaaTAATGttCCTGT-3 ' . 

GST Pull-Down Assays 

GST-SHP-1 fusion protein was expressed in BL21(OE3)plysS cells 
and bacterial extracts prepared by one cycle of freeze-thaw of the 
cells in protein lysis buffer containing 50 mM Tris (pH 8.0), 250 
mM KCI, 1% Triton X-100, 10 mM DTT and 1 x Complete Protease 
Inhibitor (Roche Molecular Biochemical) followed by centrifugation 
at 40.000 x g for 30 min. Glycerol was added to the resultant super- 
natant to a final concentration of 1 0%. Lysates were stored at -60*C 
until use. (*S] -labeled human LRH-1 or human RXRa was generated 
using TNTT7 Coupled Reticulocyte System (Promega) in the pres- 
ence of Pro-Mix (Amersham Pharmacia Biotech Inc.). Co precipita- 
tion reactions included 25 jil of lysate containing GST-SHP-1 fusion 
protein or control GST; 25 pi of incubation buffer (50 mM KCI, 40 
mM HEPES [pH 7.5], 5 mM 0-mercaptoethanol, 0.1% Tween 20 and 
1% nonfat dry milk); and 5 »d of ^S] -labeled LRH-1 or RXRa. The 
mixtures were, incubated for 25 min with gentle rocking at 4*C 
prior to the addition of 20 »u" of gluUtWor*e-Sepharose 4B beads 
(Amersham Pharmacia Biotech IncJ that had been extensively 
washed In protein lysis buffer. Reactions were Incubated at 4*C with 
gentle rocking for a further 20 min. The beads were pelleted at 3000 
rpm in a microfuge and washed four times with protein Incubation 
buffer. FoOowing the final wash, the beads were tesuspended in 25 
id of 2x SOS-PAGE sample buffer containing 60 mM DTT. Samples 
were heated to KXTCfor 6 min and resolved on a 10% acrytamkJe 
gel Autoradiography was performed overnight 



Statistical Analyses 

Unless otherwise stated, data are expressed as mean ± standard 
deviation (S.O.). The significance of differences In and 
CYP7AJ expression between vehicle- and GW4064-<rcated animals 
were analyzed using an unpaired Student's <-test 
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-r corned ^ Have no b**r anytHi^ to do ^^gy «**«"»* 

by our own cognitive activity/ Werner Heisenberg (1901-1976) 

L Introduction tors) are specialized proteins designed for chemical rec- 

. . , A . oxnition of ligands and the subsequent transduction of 

The major premise of this review is that seven trans- ^ information €ncode d in those ligands to the machin- 

membrane receptors (7 transmembrane (TM) receptors, ^ coU (Kenakin et al. f 1992). The superfamily of 

also referred to in literature as G-protein coupled recep- ^ G . protein coupled rcc cptors interact with 

alkaloids, biogenic amines, peptides, glycoprotein hor- 

Addresa cornea pondcncc to: Dr. Terry Kenaki^ Department of mQ j- ht ^ Grants. They are unsurpassed as 

SSSS^SS" therapeutic target, and probably will continue to be so 
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A .„ m „ip it can be estimated that if 
in the future. For sample, 1 1 can ^tors, 

only 5% of the human ^ % deo ^ibonucleic acid 

then ^.^fSS^SS^ than 10% of 
(cDNA) available for 5000 recep 

these are known ^J^^^tJ^ of 
ment. To this may be added also one p« 
7TM receptor mutations T? abili ty to bind 

To achieve information transfer the «J vtrans . 

ligandstoarecogm^ 

mit the presence of that hgand 

main appears to be ^^^^^ „ 6Uch 

IS the Sa^o^ of receptors was limited by the con- 
ogy, ttie Dcaayiui v r , svfite ms. However, 

ofreceptor proteins can bo critical to what is observed as 
drug-mduced activity. This review discusses the recog- 
„ tion of aberrant receptor behavior in foreign ccUs and 
the measurement of drug-receptor parameters that 
transcend this behavior. 
II. Receptor Pharmacology in Drug Discovery 
For most of the history of receptor pharmacology the 

chemicals to be recognized often are the same in ^botii 
Sals and humans (i.e.. neurotransmitte- rs su<* as 

so-called 'inactive stoteT " oHOW *"°, .-j,, in a so-called 'active' 
R. populaUon of 7TM T^yX^ * ability 

state; L. aUostenc con^t^t^^L ^ monophoaph8t c : 

of A to alt" equilibrium; cAM P. eycl icaaen . c^etyfor 

CGRP.ealdtomnger-reUtedr^ 

Pharmacology and E«r e " mcn ^ e p r ^ U ^ui 0 ' kinase C; OTP, 
XAC. ('Whine am.ne congenen Pl ^Xl a ™ o-Leu«)cnk e phaUn ; 
guanosinc triphosphate; **>*f- ^JLu* dlphos- 

GoRH. gonadotrophin.rcleae.nc ^« ne - ^^^^idoad- 

phatASc 



ii Ko eimUar enough to detect like activity 
SJSw'SiSSfc *.P b^ee. anin,.. and hu- 
man^! ,, S W». The science of pharm.cl.gy has 

the need for reliance on animal receptor „s- 
<he critical teaOng rf fti. approach 

^^receptor is introduced into surrogate cells. 
ISlSStcr systems are available and can 
be^onsidTred 'physiological.' the obvious shortcommgs 
of such systems aVe the fact that the receptors are st* 
£mk2 of the human targets Another problem with 
animal systems is related to their basic design. 
TheTe is evidenced suggest that, perhaps as a response 
to Se need to finely tune the control of ceUular btochem- 
Stry cells express mixtures of receptor subtypes in 
varying quantities to take advantage of endogenous ag- 
onS information. This results in the study of hgands on 
nurtures of very similar binding s.tes. lcaduig to the 
o£Z potential for misleading classiEcation. The ex- 
pression of human receptors in surrogate ell systems 
has eliminated these shortcomings ..e., human recap- 
tors can be expressed in apparently (vide infra) pure 

^Tte is agood deal of circumstantial evidence avail- 
able to suggest that receptors from animal sources are 
tempfates for predicting drug act.vity on human 
receptors However, there also is striking evidence that 
sU E ht dTfferences between human and animal receptors 
can have profound effects on drug activity It is known 
Sat there are differences in affinity that result from 
relatively small sequence differences between human 
anfanimal receptors, as seen in the rat and huxmui 
6 hydrorytryptamine (5-HT)^ receptor (Johnson et al 
1994) TOa Specially true for nonpeptide antagonists 
for peptSe receptors where it appears that evolutwo has 
produced mutations that have not altered binding of 



TABLE 1 

Pharmacological receptor testing systems 



Animal receptors-animal tissues 

Animal genetic receptor material-animal surrogate cells 

Human genetic receptor material-animal surrogate cells 

Human genetic receptor material-human surrogate cells 

Human genetic receptor matorial human target cells 

Human genetic receptor rriaterial-humnn torp* cells with 
appropriate pathology 



natural peptides but do produce differences for foreign 
iSS^e Ug««to ('-sen et al 1994) Thus ^re- 
cent* developed nonpeptide substance-P 
show marked differences in their affinity for human 
Bubstance-P receptors as compared with the correspond- 
ing rat receptor (Fong et al., 1992b). In some cases, 
differences in affinity for Uganda may result from very 
small differences in amino acid sequence as in the stngU 
amino acid difference between the human and rat 
6-HT 1B receptor (Oksenberg et al., 1992; Metcalf et al., 
1992). The presence of threonine^ in the human 
5-HT 1B receptor (as opposed to a corresponding aspara- 
gine in the rat receptor) accounts for a remarkably dif- 
ferent pharmacology between the two receptors, despite 
a 95% amino acid sequence identity (Hamblin et al., 
1992). 

In general, it is not possible to prove that differences 
in amino acid sequences in receptors will not result in 
different pharmacology because the differences may be 
ligand-specific. For example a single point mutation in 
human 5-HT receptors (5-HT lD<w 5-HT 1F ) increases the 
affinity for propranolol and pindolol by a factor of 100- to 
1000-fold but leaves the affinity for 5-HT unchanged 
(Adham et al., 1994a). 

There are specific cases in which receptors from ani- 
mal sources would not be predictive to human disease. 
For example, polymorphic variations in human dopa- 
mine D 4 receptors, thought to be related to psychiatric 
disorders, result in receptors with variably sized third 
cytoplasmic loops. Because this region of the human 
receptor is not found in the rat homologue of the D 4 
receptor, the rat receptor would not reflect ligand-spe- 
cific effects in this human population (Van Tol et al., 
1992). For these reasons, it is obvious that the testing of 
possible new drug entities on human receptors is pre- 
ferred. 

III. Translation, Expression, and Co- or Post- 
translational Modiflcationi 

It must be assumed that the genetic material intro- 
duced into the surrogate cell can find its way to the 
appropriate locus, be translated correctly and the result- 
ing product processed as in native systems. The correct 
transcription of the gene in the expression system may 
be critical to subsequent expression. For example, single 
site-directed mutagenesis has shown that prevention of 
a putative cysteine-cysteine disulfide bond in the y-ami- 
nobutyric acid type A channel prevents the functional 
expression of that receptor subunit (Am in et al., 1994). 
Complete sequences must be expressed for correct recep- 
tor function. Truncates of receptors, when compared 
with full-length wild type receptor, have been shown to 
have lower affinity (Fong et al., 1992a), no differences in 
affinity (Rodriguez et al., 1992; Renekc et al„ 1988) or 
increased affinity (Findlay et a!., 1994). In general, there 
is considerable evidence that nonstandard transiational 
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events may affect the nature of expression products 
(Santos and Tuite, 1993). 

Expression of multiunit receptors can be especially 
difficult because of the potential for incorrect assembly 
of subunits. The IR-A and ER-B isoforms of the insulin 
receptor are made by alternative splicing of exon 11 in 
the insulin receptor gene and are expressed in a tissue- 
apecinc manner (MoUer et al., 1989; Mosthaf et al., 1990; 
Goldstein and Dudley, 1990). Although this is not a 
problem with 7TM receptors, there are cases in which 
alternative splicing of messenger ribonucleic acid 
(mRNA) from a gene results in .receptor isoforms for 
dopamine receptors (Giros et al., 1989; Monsma et al., 
1989; Dal Toso et aL, 1989) and for rhodopsin (Tanabe et 
al , 1992; Fong et al., 1992b; Sugimoto et aL, 1993). In 
chromaffin cells, alternative splicing of the mRNA from 
the single gene encoding for the prostaglandin EP 3 re- 
ceptor yields four receptor isoforms that differ only in 
their C-terminal tails. These differences determine dif- 
ferences in G-protein coupling (Namba et ai., 1993). 
Alternate splicing is responsible for the different iso- 



forms of receptors such as the GHRH receptor (Mayo, 
1992), dopamine D 2A and D 2B receptors (Dal Toso et al., 
1989), and the pituitary adenylate cyclase-activating 
polypeptide (PACAP) receptor (Spongier et al., 1993). 
Although there are five cloned somatostatin receptor 
types, a further degree of diversification has been ob- 
served with the alternative splicing to produce 
mSSTR2A and mSSTR2B (i.e., Reisinc et al., 1993). The 
two isoforms differ in the cytoplasmic C-terminus 
(Vanetti ct al. f 1992) and show different coupling effi- 
ciency to adenylate cyclase and propensity to desensitize 
(Vanetti et al., 1993b). 

Posttranslational changes in dopamine D 2 receptors 
have been reported to account for differences in ligand 
affinity (Giros et al., 1989; Monsma et aL, 1989). There 
are several biochemical modifications of receptor pro- 
teins that can be made including glycosylation, palmi- 
toylation, terminal amino acid acylation, amino acid cy- 
clization, carboxy-terminal amidation, sulfation 
(tyrosine residues), phosphorylation, hydroxylation, and 
methylation. Some of these are more important than 
others for various receptors. A key modification that 
may be important for receptor systems co -expressed 
with G-proteins (vide infra), is prenylation, both in 
terms of targeting to the membrane and the signaling 
from the receptor system (Casey, 1995). Receptor glyco- 
sylation can cause differences in the size of receptors. 
For example, a marked tissue difference in glycosylation 
has been noted for the angiotensin type 2 receptor in 
human myometrium, murine fibroblasts and rat PC- 12 
cells (Servant et al., 1994) and for opioid receptors in 
various tissues (Liu-Chen et al., 1993). Some modifica- 
tions, such as palmitoylation, can be affected by external 
stimuli (Bonatti et al., 1989; Omary and Trowbridge, 
1981; Alvarez et aL, 1990). For 7TM receptors, palmi- 
toylation may be particularly important because it reg- 
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1" 5) - j , r Qt ^ifoctual data can result 

Clearly, a great J^^Sod of receptor pro- 
from incomplete or ^^J 5 ^ ^controlled van- 
Uin from genetic material. Tta« ™ " rf this 

able in receptor ex P rMS, ?^^ 0 lf ph ^acological ef- 
review, it will be assumed th ^ 4 ^^^^Jational 
fects observed are not the V«** ^ 

modification differences, but, rather, inn 
the behavior of natural "ceptor^ n 
With the first ?W*S£££^Ja rhodopsin) 
coupled ™%*«™ l $£Z£Z following descrip- 
S^^SSS^Sa- Pradrenergjc receptor 

i^KSt?^ receptor is 

St WIS" this new technology has come the, ^*al for 
new concerns in receptor pharmacology that stem from 
r^ique nature of 7TM receptors as 
transduction unite. These new concerns stem from the 
expectation that receptor activity will be .mrnun e £ the 
removal of a receptor from its native environment and 
hTexpression of Lt receptor into -f^^X- 
fully. this review will outline the limits for tius cxpecta 
tion and some strategies for recognizing when observed 
Xte reflect innate ligand receptor activity and when it 
Srefiect activity modified by receptor environment 
5 SSs the identification of system-dependent 
rSer tiian solely receptor-type-dependent potency of 
rather man so , advantageous to recognize 

tion otdrug acttritjr to • th«n.peut>= en.u.nment. 
IV. Definitions 
As a preface to the discussion, it is useful to define 
some terms to be used throughout this 
wTbTassumed to have two basic t^P^^f** 
2d efficacy. The first term ^^^SlS 
binds to the receptor (as defined oy we »* 
5 issociation constant of the l^^ 1 '^^ 
second term relates to what happens ^ ^cep 



the receptor but bind to it and by its presence preclude 
the receptor ^ b an agonist. This would 

matin ££i Son^with -ro efficacy. Recent 
?at compels yet another scenario in which receptor 
jvs^ms produce measurable physiological response in 
Sfabsen^ of agonist (vide infra). Such receptor sys- 
£ms a^e Sfiaedls being constitutively active and may 
oTused to discover drugs that destabilize active receptor 
beuseow a referred to as inverse ago- 

T* ^TtJSe efficacy. It should be noted that 
r&e absence of constitutive receptor activity neutad 
anSgoS and inverse agonists behave in united 
manner However, it should not be assumed Uiat they 
a^ pharrnacologically the same because unoortan dif- 
SncSTn the receptor properties of neulxal antago- 
S^5d inverse agonists may be very relevant to .the 
SSrapeutic use of these drugs and the classification of 
drug ^Ptors with them in heterologous expression 
syXroHt this point, it is useful to suspend the com- 
mon usage of the term efficacy as the property of a drug 
Sat promotes positive physiological response and con- 
fer efScy to be the property of a drug that mod*** 
tbleluent interaction of the 7™ ~<*p<or with other 
membrane proteins (Kenakin, 1994). 



V. 7TM Receptor Behavior 
The behavior of 7TM receptors can be divided into two 
components namely, intrinsic and interactive. Intanue 
behavior refers to the basic properties of receptor pro- 
teins to exist in multiple conformational stotes and the 
effects of those states on observed drug activity. The 
^tractive behavior relates to the result of receptor and 
G-protein interaction on the quality and quanta^ of 
drug response. It is worth discussing these separately. 

A Intrinsic Receptor Behavior 

There is considerable circumstantial evidence to sug- 
gest 7TM receptors can exist in '^e^n^ 
5ve' conformational states with respect to the fruitrol 
InteS^ith G-proteins. It is useful at this point to 
coSde^tL analogy with two-state' theory for ion chan- 
nS (KatTand Thesleff, 1957) as applied to receptors 
SSqutun 1973; Karlin, 1967; Thron. 1973; Robeson 
it al I 1994) This hypothesis describes a popu afaon of 
^ c^p'torfSat can eSst in a so-called HnactWe' state , T 
(following the convention for ion channels) and an ac 
S? S R. the relative proportions of -^h^ de- 
fined by an aUosteric constant L (where L = l™"^ 
H™e I Al binds to the two conformations T and R where 
^equuEm dissociation constants of the resulting 
complexes are K AT and K AR respectively: 



T 

Kat U 
A 



L 

^ R 
UKar 
T A-R 
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TABLE 2 
Cloned and expressed receptors 



Receptor 



Adenosine 
: A > 



Aflb 

A* 
A 3 

Adrenergic 



OL2C 
<*2A 



<»3Bt °°ZO 
a 2A 



a 2B 
<*1D 
Pi 



02 



Calcium 



Species 
rat 

human 
canine 
rat 

human 

eheep 

human 



hamster 

bovine 

human 

mouse 

fish 

mouse 

rat 

human 
human 
rat 
rat 

human 
rat 

human 
porcine 

rat 

human 
rat 

human 
mouse 

human 
mouse 
human 
mouse 
rat 

human 
bovine 



System 



References) 



A9-L + CHO 

CHO 

CHO 

Xenopus oocytes 
CHO-K1 
COS-17CHO Kl 
CHO 

COS-7 

COS-7 

COS-7 

CHO 

COS-7 

Xenopus oocytes 
COS-7 

CHO/COS-7 
COS-7 
COS 1 
NIH 3T3 
COS 
Ltk cells 
COS 1 

Xenopus oocytes 
COS-M6 

COS 

SK-N-MC 
L cells 

Xenopus oocytes 

COS-7/L-cells 

sf9 

CHO 

Y-l 

Escherichia coli 

CHO 

CHO 

CHO cells 
Xenopus oocytes 



Mahan ct al., 199L 
Libert ct al.. 1992 
Libert etal., 1991 
Yakel et al., 1993 
Pierce et aU 1992 
linden et al. a 1993 
Salvatore et al.. 1993 

Cotecchia et al.. 1985 . 
Schwinn et eU 1990 
Regan et al., 1988 

Fraser et ah. 1989; Lomasney et at. 1990 

Link et al., 1992; ChruscLnski et al. f 1992 

Kobilka et al., 1987 

Sveasson et al., 1993 

Link etal, 1992 

Voigt et al., 1991a 

Link et al., 1992 

Lanier et al., 1991 

Duzic et al. t 1992 

Zcng et al., 1990 

Weinshank et al., 1990 

Lanier et al., 1991 

Kobilka et al., 1987 

Guyer et aL, 1990 

Zeng ct al., 1990 
Esbcnshade et al., 1995a 
Machida et al., 1990 
Fricllc et al., 1987 
Cohen et al.. 1993 
Ravet et al., 1993 
Suzuki et oL, 1991 
Allen ct al., 1988 
Marullo et al., 1988 
Nahmias et al., 1991 
Granneman et al., 1991 
Emorine et al.. 1989 

Racke et al., 1993 



Dopamine 



D« 
D. 

Histamine 
H 2 



human 
rat 

human 
rhesus 
rat 

human 
mouse 
rat 

rat 

human 

rat 

rat 

human 
human 

bovine 
rat 

canine 
human 



COS-7 

COS-7 

C« cells 

COS-7 

COS-7 

COS-7 

COS-7 

CHO-6. DUK25 
mouse fibroblasts 
CHO 

LZR1, Ltk 59 
CHO 
COS-7 
COS-7 

COS-7 
CHO 
L -cells 
Colo-320 



Zhou et al., 1990 
Sunahara et al., 1991a 
Machida et al., 1990 
Tibcri et aL, 1991 
Stormann et aL, 1990 
Montmayeur et aL, 1991 
Chio et aL, 1990 

Bunzow et al., 1988 
Sokoloff et al., 1992 
Castro and Strange, 1993 
Sokoloff etaL, 1990 
Van Tol et al., 1991 
Sunahara et al., 1991b 

Yamashita et al., 1991 
Traiflbrt et aL. 1992 
Gante et al., 1991 
Gantx et al., 1991 
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TABLE 2 
Continued 




MuBcarininc 
muscarinic 

muscarinic 
muscarinic 
ml 

ml, m2 

m2 

m3 

m4 

m5 
Opioid 



Peptides 

Angiotensin type 2 



Bradykinin 
B* 



Calcitonin 



Cholecystokin 
A 

B 

Choriogonadotropin 
Corticotropin releasing factor 
Endothelin B 
Gastrin 

^^pinr.lea.ingKor^ 
Growth homoDO releasing hormone 
LutropinAutelniiing hormone 

Neuropeptide Y 
Neurotensin A 
Parathyroid hormone 

Secretin 



porcine 



porcine 

drosoph. 

mouse 

human 

human 

human 

human 

chicken 
human 
human/rat 



mouse 

human 
rat 



mouse 
human 



rat 



human 
mouse 
human 

human 
mouse 
rat 

rat 

human 

human 

rat 

pig 

human 
rat 

human 



Xenopus oocytes 



CHO 
Y-l cells 
Y-l, L-cells 
CHO-K1 

HEK 

CHO-K1 

CHO-K1 

CHO 

Yl/CHO 

CHO-K1 

COS-7 

CHO-K1 

PC-12 
COS-i 
COS-1 

COS-lOCenopus 

oocytes 

COS-7 

CHO-DGH4 

CHO 

COS 

COS-7 

COS-7 

COS-7 

COS-7 

COS-i 

COS-7 

COS^7 
COS-7 
COS-7 

Xenopus oocytes 
COS-7 



COS 

cos 

Xenopus oocytes 
COS-7 



porcine 
rat 

human 
canine 
rat 

human 

rat 

rat 

mouse 
rat 

human 
opossum 
rat 
rat 

human 



COS-7 

COS-7 

COS-7 

COS-7 

BHK 

COS-7 

HEK 293 

HEK 292 

LcoUs 

293 

Baculo virus 
COS-7 
COS 
COS 

HEK 293 



Kubo et al., 198G 
Akiba et al.. 1988 
Peralta et aL. 1987 
Shapiro et al.. 1989 
Shapiro etaL. 1988 
Buckley et al.. 1989 
Peralta et al., 1987 
Buckley et al., 1989 
Buckley et al., 1989 
Tobin etal., 1992 
Tietje and Nathanson, 1991 
Buckley et al., 1989 
Bonner et al., 1988 
Buckley et al., 1989 

Kaynoretal.. 1994a 
Yasuda et al., 1993 

Zhu et al., 1995 

Minami et al.. 1993 

Nishi et al., 1993 
Li et al.. 1993 
Raynor et al., 1994a 
Evans et al., 1992 
KiefTcr eL al., 1992 
Haynor et al.. 1994b 
Chen etaU 1993 

Bunzow et al., 1995 

Knapp et al., 1994 

Yasuda ec al., 1993 

Raynor et al.. 1994b 

Tsuzuki et al-, 1994 
Nakajima et al., 1993 
Kambayashi et al., 1993 

McEachcrn et al.. 1991 
Hess et al., 1992 

Gornetal.. 1992; Moore et al 
Serton etal-. 1993; Albrandt et 
Un et al., 1991 

Ulrica etal.. 1993 
Wank et al.. 1992 
Miyakeetah, 1994 
Lee et al., 1993 
Looafelt et al., 1989 
Chang etal.. 1993 
Webb et al.. 1995 
Kopinetal.. 1992 
Jclinek et al., 1993 
Kakaret aL. 1992 
Mayo. 1992 
McFarland et al., 1989 
Gudermann et al., 1993a 
Krause et al., 1992 
Aharony et aL, 1993 
Juppner et al., 1991 
Abou-Samra et al., 1992 
lEhihara et al., 1992 
Paul et al.. 1995 
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Receptor 



Somatostatin 
Rl 

R2 
R3 



R4 



R4. R5 
R5 

Substance P 



TSH 

Thyrotropin 

VIP 

5-HT 
1 

1A 



ID 



IC 

ID 

IE 
2 

2B 
3 

6A, 5B 
SA 
(S12) 
7 

GP2-7 



TABLE 2 
Continued 



Species 



System 



rnou.se/humnn 
rat 

human 
mouse 
rat 

human 

mouse 

human 

human 

mouse 

human 

human 

human 

murine 

rat 

human 

human 
canine 
rat 
rat 

human 

rat 
rat 

human 
rat 

human 

mouse 

human 

mouse 

canine 

human 

human 

rat 

human 
mouse 

mouse 
human 
human 
rat 

guinea p 



CHO 

COS-7 

CHO 

CHO 

COS 

COS-1 

CHO 

COS-7 

COS-1 

C0S-1DM 

CHO-Kl/COS-l 

CHO-KI 

COS-7 

Xenopus oocytes 

COS 

COS-7 

COS-7 

COS 

CHO-Ki 

COP 

COS-6 

HEK 293 
Ltk~ 

rnonkcy kidney * 

NIH 3T3 

Y-l 

sf9 

HeLa 

NTH 3T3 

Xenopus oocytes 

Xenopus oocytes 

COS-7 

CHO-KI 

murine L cells 

(mammalian) 

AV12-664 

QOS-l/Xcnopus 

oocytes 

COS-7 

C09M6 

Ltk 

COS-7, HEK 293 
CHO-Kl 



References) 



Rcns-Domiano ct al., 1992 
Li et al.. 1992b 
Yamada et al.. 1992a 
Yamada et al., 1992a 
Meyerhofet al.. 1992 
Yamada et at, 1992b 
Yasuda et al., 1992 
Demchysyn et al., 1993 
Rohrer et al., 1993 
Bruno et al., 1992 
Raynor et al.. 1993 
O'CarroU ct al., 1994 
Panetta et al., 1994 
Sundelin et al., 1992 
Yokotaeial., 1989 
Takeda et al, 1991 

Misrahi ct al., 1990 
Parmentier et al., 1989 
Endo et al., 1995 
Ishihara et al., 1992 
Srecdham et al., 1991 

Voigt ct al., 1991b 
Albert et el.. 1990 
Fargin et al., 1988 
Varrault Ct al.. 1992 
Adham et al., 1993 
Ng et al., 1993 
Hamblinet al.. 1992 
Marotoeaux et al.. 1992 
Julius et al., 1988 
Yu ct al., 1991 
Maenhaut et al.. 1991 
Hamblin and Mctcnlf. 1991 
Guderman ct al., 1993b 
Pritchett ct al., 1988 
Kuraar et al., 1994 
Maricq et al., 1991 

Matthea et al., 1993 

Rees et al., 1994 

Levy et al., 1992 

Shen et al., 1993 

Tsou et al., 1994 



The important thing to note from this scheme is that 
unless A has identical affinities for T and R. the pres- 
ence of A will alter the relative proportions of T and R, 
Le drug A plays an active role in the equilibrium and is 
not a mere observer. Under these circumstances, the 
fraction of receptors in the activated form in the pres- 
ence of any given concentration of ligand (normalized to 
c = [AI/Kar) is given by: 



rium is denoted by M, and a correlate to drug efficacy in 
this type of system can be given by (Colquhoun, 1973); 



[3] 



p " 1 +- Ltd + Mcyu + c)] 



[2] 



where M is the ratio of equilibrium cUssociationcon- 
stante of A for the two receptor states (M = Ka^at>- 
Thus, a measure of the ability of A to alter the cquihb- 



There are two features of this type of system to note. 
The first relates to the drug constant M. There is no a 
priori reason to assume that a ligand will promote only 
receptor activation; in fact, it is equally possible that a 
ligand will destabilize activated receptor formation (i.e., 
have a selectively higher affinity for the inactivated 
receptor T). In a system where there are few activated 
receptors in the absence of ligand, drugs with selective 
affinities for the inactivated state will have little effect, 
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turned off. However, »f ttoMj »pp 

because of a favorable L, then a ^ a rcceptor 

affinity for T over R^gJ^Sy of the ligand 

-r^aT receptor jj^fj J— " * 
saturating concentration of bgand is given y 

[4] 



Pmax 1 + L'M 

of L and M that determines the observed arug 
B - Wfa ^S (vtS" liable 

constant L is very small (i.e. LM -* ^ tot L . 

The second idea ^£ in the 

The fraction of receptors in the activate 
absence of ligand A is given by: 

1 [51 
P~ 1 + L 

Tbeorctic^, ^ ^%^St"" 
of the receptors are u. the eetrie s „ d 

•cor*titut,vel/ fully '^ouU r SaS n.».e»- 

these cim.mst.noe. »» £^ dy reside at 

r.cr^Two ? -* b. - — 

S£ktS?£« -ec.br.ne bound prote-n, 

ify observed drug acnv«y. *• reccpU , r -ine<iiated re- 

in mouse hippocampus and coruca in hip . 

^SSSi^-^S- in -Hie* 
neurons (Dumius et al., l98 JJ-^ guch a3 the brain 



r •• „f these receptors into different expression 
transfection of these ««P tor behavior. Sur- 

8y8 tems may cause d£ erenow ^ ^ p^^ 
rog ate cell Ime fortt>ee P ^ eipre8sion 

f re chosen ^^^derable body of evidence to 
levels, ete. T^JL* receptors apP ear to function nor- 
show that ^^^jTthesrsystems. Antagonist 
ma lly when ^ucecMnto t y & ^ 

profiles ^ .^^LTiowever, such positive 
receptor » *J«^5l negative evidence, ie., it 
evidence is less reveJ Tf ^'Xr behaves in a phys- 
never can be V*™^™*^ cell line, only 
iologically normal Wtoenm a eur g f ^ 

ce^or example, while the human 

^HofceuT Similarly, the rat ^-adrenergic receptors 

(Chaudry and Granneman, 1994). Similar caner 
cells ( ™ au ^ , ener rf c receptor desensitizataon have 
T^i^tZll^J^r fibroblasts cells 

^^ob^U. of deficient host effect, are for 
lne mosto act ivity requires the coupling of 

agoruste %Tc?vroim. If the appropriate 

GM^nl Z Tcscnt in L surrogate cell, or the 
of the receptors and G-protems is aber- 

rl. then 

or that »ey no reversal was demon- 

etnes. A striking case oi iu transfected the 

strated by Duzic and Laraer (199« who £a ^ 

r^\ e SnTc^ ^enosine monophosphate 
dent inhibition oi cycuc » AMp j- me diated 

(cAMP). Surprisingly, an increase in cAMr 

Llcitonin gene related ^SSnTpor 
can be shown to CHOor 
cine calcitonin receptors "ansiectea ab6olute 
COS cells <Christmanson et aL, 1994). Wreas . 
potencies may vary bet^ecc Activated 
ahould not vary unless duT J^SrTta the two hosts, 
selectively by the activated reegto rs ^ ^ 
This effect of 'stimulus trafficking- oy ag 
cussed more fully later. 
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A. 



Coupling of the 



TABLE 3 
same receptor to different 
different systems 



cytosolic cascades i 



250 r 




Exceptor 



Systems 



Referenced) 



u "9 6 7 6 S 

-log [Epinephrine], (M) 

Fig 1 CA> Effects of epinephrine on o^-adrenerffic receptors 
traSeied u^to tW different ceU lines. <«^^^ 
Lc cAMP. Abscissae: Logarithms of molar concen^o^^epi 
nephrinT With permission irom the American Society for Phanna- 
roS^dExperlental Therapeutics CASPET) and from Dune and 
Lanier (1992). 



Dopamine D 2 



a 2B -Adrenergic 



Serotonin 6-HT lC 

a lB -Adrenergic 
a lD -Adrenergic 

Muscarinic m2 



Rat striatum 
Rat anterior pituitary 
Pituitary GH 4 C t cells 
Ltk" fibroblasts 
NIH 3T3 cells 

PC12 cells 
DDT t MF-2 cells 
Natural systems 
Syrian hamster tumor 
cells 

COS-1 cells, CHO 

cells 
Y-l, CHO 



Meller et al., 1992 

Vallar et al., 1990 

Duciz and Lanier, 
1992 

Lucaitcs et al., 1992 

Perez et al.. 1993 

Tie^jc and Nathanson, 
1991 



Different host cells may present receptors with differ- 
ent arrays of G-prx>teins. For example W™™*** 
and a irr adrenergic receptors in COS-1 and CHO cells 
leads to two different couplings. In COS-1 cells coupling 
is to a pertussis toxin-insensitive G-protein ^at leads to 
phosphosinositol (PI) hydrolysis and increased cAMP 
Jnd a pertussis-insensitive G-protein to an L-typc . caV 
cium channel to stimulate phospholipase A. InCHU 
cells, the coupling is via a pertussis-ins ensiUve G"Pro- 
tcin to increase PI hydrolysis (Perez et al.. 1993). An- 
other effect of the host cell system on responses of trans- 
fer receptors was reported for the chicken -usc^jmc 
m2 receptor which, when expressed in Y-l * ^ 
ited adenylate cyclase, but when expressed in CHO cells, 
inhibited adenylate cyclase and stimulated JP^^ 
sitide metabolism (Tietje and Nathanson^991). A .strik- 
ing effect was obtained in cells tranefected with fcgh 
levels of 6-HT 1Da and 6-HT 1D/ receptors when antago- 
nists such as yohimbine and dihydroer^tamine pro- 
otSd ionist effects (Adham et al., 1993) Table 3 shows 
Xre^mples of receptors in various ceUular hosts that 
demonstrate differences in effector coupling. 

Taddition to effects on receptor/G-protein coup hng, 
there are otker tiers of interaction inceUular Bi^ahr^ 
For example, there is evidence that ™ fl "£ 
Interact with each other, as in the case of ^ aboliUon of 
natural 5-HT r like receptor effects in CHO cells by 
iansfection and activation of 5-HT 2C receptors (Berg et 
al 1994) 

'in general, it can be said that the automatic assump- 
tion of immutable receptor behavior '^P^. <f 
lular host is not supported by data. The procUv** ^of 
receptors to interact with many G-protcins spontane- 



ously (vide infra) raises the specter of the introduction of 
an uncontrolled variable in expression studies that may 
transfer to the observed activity of drugs. 
C. Evidence for Spontaneous Receptor/ G-Protein 
Coupling 

One of the major characteristics of 7TM receptors is 
the fact that they have different recognition domains for 
ligands and G-proteins. This latter property confers the 
ability of the receptor, when in the active state, to couple 
to and activate G-proteins. Sequence similarity den- 
dograms have shown that 7TM receptor evolution can be 
traced at two sites, namely the ligand and G-protein 
binding sites (Donnelly et al., 1994). There is now a large 
body of evidence to show that many receptors can spon- 
taneously couple to G-proteins in the absence of ago- 
nists For example, solubilized CGRP receptors fan tat 
Cerebellum were shown to bind >«I-CGRP with high 
affinity. Treatment of the solubilized receptor superna- 
tant with G„. antiserum caused iiiununoprecipitation ot 
the G with a concomitant loss in receptor binding upon 
centrtfugation (Chatterjce et al 1993). The most 
straightforward explanation for these data >s that the 
loss L receptor binding represented G 8 protem-receptor 
complexes that were present in the supernatant sponta- 
neously in. the absence of CORP. 

There are numerous systems in which receptors can 
be purified as complexes with G-proteins. For example, 
solubilized D 2 receptors from bovine striatum copunfy 
wtfn G, and G. (Ela*ar et al.. 1989). The ^-dopamine 
receptor of the bovine anterior pituitary copunfies with 
affinity chromatography with a pertussis toxin-sensitive 
G-protein (Senogles et al.. 1987). 

Another line of evidence to show receptor prccouphng 
comes from receptor kinetic studies For example. the 
biphasic kinetics of N-formyl peptide 
are amenable to explanation by the proposal that the 
receptor population exists as a mixture of precoupiea 
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1 Q94> Similar data have been oo 

preceptor CNeubig et of data to 8Ugge st 
& general, there ^"^^usly couple to G- 
that most 7TM receptors sponw some 
proteins in the absence of ^ J^^ that the 
Samples of these with G-protein In- 

epontaneous ^SKd* form is supported 

volves the receptor in the receptor/G-protsm 
by evidence ^ff^SS^O^ of physiolog- 
coupUng is assoaated *™ p ^ff (Samama et al., 
^response. ^V^^^ogles et al., 1990) 
1993; phosphoinositade turnover^ ^ (Costa ^ 

end guanine "'^^WwiJ^*"^^ 
Herz, 1989; FreissnmthetaL, 19m Ai 

2 shows the activation rfQg P^Jty the agonist 
receptors. This actmty be ««e fey ^ 

^phenylisopropylVadenosm^ an Qf rek . 

verse agonist xanthine amine conge^ . g 
vancetothisdisc^sionis thefart^na ^ ^ 

able spontaneous activation of the vx- P 

absence of agonists. 

D. Keceptor/G-P^i- Promised 

It is now well known tha .many 7TM re^ ^ 

Al.t.^^.^^2SS£T5^ table 5 
can be shown in receptor expression > 




Dopamine D t 
Dopamine D» 

CGRP 

Somatostatin 

purinergicPiy 

Muscarinic 

p-Adrencrgic 
o^- Adrenergic 

Adenosine Ai 
Vasopressin 



Canine/bovine 

striatum 
Bovine anterior 

pituitary 

RecooatituUon 
Rat cerebellum 

Rat brain 
Turkey eryth. 
Rat cerebral cortex 

Cardiac membrane 
Calf cerebral cortex 
Rat brain 
Human platelets 
bovine aorta 

Bovine corebral 
cortex 




2 3 4 

Time (min) 

, rTPf x5 S i binding to bovine brain G^. 
Fia 2. Time course * °™ ^ alone O. with adenosine 
Spontaneous ^^S^ 

A,-receptor(^.adeoo6inerecepw&eu ^tr^thine amine congener 
JiWn^ne (•> and ^^^1^^ *■ 



TABLE 5 . 
— Rrfercnc*.) 



Receptor 



1995 
Li et al., 1992a 
Niiniketal., 1986 

Wreggett and De 

Lean, 1984 
Senoglea etal.. 1987 
Senogjeaet al- 1990 
Senogles et al, 1990 
CUattetjce et al., 

1993 
Law et al., 1991 
Jeffs et al. t 1991 
Baron et aU 1985 
Matesic et al., 1989 
Nenneetal., 1986 
6ledeczeketal.. 1984 
Mauui et aL, 1986 
Neubig et al.. 1988 
Jagadeesh et al., 

1990 
Leung and Green, 
1989 

Fitzgerald ot al., 19S6 



Muscarinic m3 

Muscarinic ml 
Muscarinic m2 

a a -adrenergic 



PTH 

a l0 -Adrenergic 
a 1D - Adrenergic 
Human 5-H.T lX > 

Dog 5-HTid 



IMR-32 cells 

CHO cells 
CHO cells 

CHO cells 

CHO-K1 cells 

COS cells 

COS-l cells 

COS cells 

Yl Kin-8 cells 



pinkas-Kramarski et 

bL, 1990 
GurmU et al., 1994 
Tietjc and 

Kathanson, 1991 
Frascr et al., 1989 
Eason et al., 1992 
Gcrhardt and 

Neubig, 1991 
Abou-Samra et al., 

1992 
Perez et al.. 1993 



HumanbradykiainB, CHOceUs 
Human calcitonin BHKceus 
Luteinizing H 

Rat endothelfn A 

Human secretin 



Van Sande et al., 

1993 
Van Sande et aL, 

1993 
Hess etal., 1994 
BHK cells Moore etal.. 1992 

oocytes Gudermann et aL. 

Cardiac myocytes HUaKDanda et aL, 

HEK-293 cells Patel ete^l^ 



tors when they are «P™£~ ^ t ^ultiple receptor 
Multiple signaling can ]» J, «»» be the result of 

coupling at the m ^J^^bLochemical cascades, 
the activation of multiple ^tured rat mes- 

For example, bradykiiun «<^^ n ^ hoUpase C 
angial cells depress ^ f ^Xirol from stimula- 
pathway (i.e., production of diacygiyce 
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«; TTT A reccDtors (Fargin et al., 1991). bimuariy, » u~ 
d££ thit heterotrimeric G-pnjteins containing 
G can ^vdale multiple effector enzymes in the same 
ItS^.. 1994) 'As well as 
«.6ubunits of G-proteins, it is now clear «J»*^Py 
Lmteroarts can directly activate effectors (Logothetis 

1989; Birnbaumer, 1992; Tang and Gdman 1992 
Camps et al., 1992; Katz et al., 1992; B ank et al 1 992 
Iniguez-Uuhuetal., 1993; Boyer et al., 1994; MulUr and 
Lohse, 1995). These effectors include adenylate cyclase, 
phospholipase A 2 , K + channels, phosphoUpase J C. cal- 
cium chapels and receptor kinases (Clapham and Near, 
1993) This adds another level of complexity into 7TM 
receptor/G-protein signaling because the presence or ab- 
sence of counterpart effectors for Py-dimers of receptor 
linked G-proteins will affect the type and magnitude of 
agonist riponse. For example, a natural ceUular system 
for a given receptor may contain a dedicated G-protem 
which, upon agonist-receptor activation yields an a-sub- 
unit that interacts with one effector and a 0y dimer that 
activates another. The summation of the effector cas- 
cades produce the cellular response. If this receptor is 
transfected into another cell type that has the appropri- 
ate G-protein, it still will not produce the same response 
unless both effectors for the « and /3y-dimer subumts are 
present in the membrane as well. . _ 

While receptor signaling can yield pleiotropic re- 
sponses in the cytosol, there also is ~ nai f dcr " b ^- 
dence to show that receptors demonstrate G-protein 
specificity. For example, adenosine A x and dopamine D 2 
rLptoi? transfected into HEK 293 ceUs activate G, 
(Wong et al.. 1992) but do not interact with ^ to ^tivate 
PLC. even when this submit is overexpressed (Conklm 
et al.. 1993). Structure-activity 

this latter study when a three-amino-acid eubstitotion 
switched receptor selectivity of G« to that of G* (Con- 
kUnTt al.. 1993). Furthermore, although the adenosine 
A, receptor and dopamine D 2 receptors are indistm- 
in activation of G, they did discrinunate du- 
Srasof^toa^Conklinetal..!^) 
receptors pressed in Escherichia cofc form ™£ 
ity agonist complexes with several G-pretem «-subunits 
but neglect to do so with others (See fig. 3A). 

It is well known from recombinant and natural sys- 
tems that there is cross-reactivity of receptors between 
many different G-proteins. For example. H»g a and co- 
workers (1989) have shown that the muscarinic receptor 
forShigh affinity complexes with acetylcholine equatty 
well when reconstituted with G c . G, and G„. It has been 




i «o 
a-6Ubunit (nM) 



i to 100 1000 10000 

[Dadte], nM 



Fig 3 SclccUvity and promi^uity between receptors and frpi^ 

te£'(A)'ln^^ 

G-protcins. Formation of high affinity binding for [»H DPAT 

(^na£) versus molar concentration of G-protcm «-sabamt Ooga- 
XTouc scale). Data for G^fir (filled *™ «~2fi 

(filled circles), rat G^y (inverted fUledtnaneles), rat^G^ (filled 
triangles), and a lack of ternary complex fonnabon with rat G„fly 
SpTSares). rat G Ml Pr (open triangles) and rat «*« 
nvertodtrlangles). With permission from the Journal of Bjobgical 
CW^ry ^nd from Bertin et al. (1992). (B) Radioactive labekng of 
IS between opioid receptors, the opioid agonist DADLE and 
vantus G-protein o^ubunits in NG108-15 cells. With permission 
from ASPET and from Prather et al (1994). 

found that cloned human 5-HT lD receptors expressed in 
CHO ceUs and that dog 5-WT w receptors expressed in 
Yl Kin-8 cells can both stimulate and inhibit adenylate 
cyclase by concomitantly interacting with G and Gi 
proteins (Van Sande et al., 1993). The a 2B -adrencrgic 
receptor expressed in SU5 mouse mammary tumor cells 
inhibits adenylate cyclase via G t and increases cAMP 
upon treatment of the cells with pertussis toxin, presum- 
ably via G s (Jansson et al., 1994). Kinetic studies have 
been used to delineate receptor/G-protein promiscuity. 
For example, the interaction of the thyrotropin-releas- 
ing hormone receptor with G„ a and another unidenti- 
fied G-protein was inferred from the observation of Di- 
phasic kinetics of [ 35 S]GTPyS binding (Brady et al, 
1994) Some other examples of this promiscuity at the 
biochemical level are given in table 6A. This promiscuity 
carries over to transfected receptors in cellular expres- 
sion systems (table 6B). , _ . 0 

There also are numerous examples of natural systems 
in which a single receptor activates more than ^one G- 
protein (see table 7). In NG108-16. neuroblastoma j X 
glioma -cells the opioid receptor agonist [D-Ala, 
D-Leu s ]enkephaUn (DADLE) has been shown to form 
three complexes with G 0 . G a , and ^^er^et al 
1992). Adenosine A t receptors from bovine brain have 
been shown to copurify with G u , G*. and G„ (Manshiet 
al 1991). Similarly, the muscarinic receptor » cerebel- 
lar' and cardiac ventricular membranes ™s shown to 
form complexes with botii G, and G a ^etivatedby 
the agonists carbachol. pilocarpine and McN A3«(M a 
tesic et al.. 1991). Solubilircd D 2 receptors from bovine 
striatum copurify with G t and G 0 (Elazar et al. 1989) 
S Tsho'wnby Senogles et aL (1990) purified^ 
receptors activate GTPasc of G a . G a , and G u . In paten 
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Muscarinic 



(3- Adrenergic 
^-Adrenergic 



Serotonin 

Y-Aminobutyric 
acid B 



G„ G 0 , G n 
G,.G P 
Gi, G. 
Gi, G. 
G t , G, 
G„ G u . G i3 
O lf G e 
G lf G, 
Gtf.G* 
G CT , G w 

G,, G. 
G it G. 

G it Gv. G p1 G. 
G«u, G ttl3 
G„ G e 



Dopamine D 2 G (( G 0 



Opioid 
Adenosine 

Neuropeptide Y 

Bradyktnin 

Somatostatin 

Calcitonin 



.G 0 



5-HT 



1A 



G a , G u 
G ft . G w 
G i2 . G l3 , 
G tl ,G i2 , . 
G a , G iV , G i2 
G« G a . G i2 
G ffi |. G tti3 
G„ i7 . G M 
G.. G ; , <G p ) 

G« i2 . G ol3 



Florio and Sternwcis, 
1985 

Haga et al.. 1986; 

Kurose et al. ( 1986 
HagaetaL, 1988.1989 
Afihkenaii et a!., 1987 
Dittman et al., 1994 
Asano et al.. 1984 
Marbach et el.. 1988 
Rubinstein ©t al.. 1991 
Cerione et al., 1986 
Kim and Neubig, 1987 

Milligan et at, 1991 
Gerhardt and Neubig, 

1991 
Eason et al., 1994 
Fraseret al., 1989 
Roth and Cbuang, 1987 
Raymond et al., 1993 
Asano et al.. 1985 

Ohara et al., 1988 
Kimura et al.. 1995 
Senogies ct al., 1990 
Offcrmanns et al-, 1991 
Rocrig ct al., 1992 
Munshi et al., 1991 
Ewald ct al., 1989 
Ewald et al.. 1969 
La*' ct aU 1991 
Luthin ct al-, 1993 
Cbakraborthy ct al., 
1991 

Gcttys ct al., 1994 



Evidence of Rece P tor/G-ProUin Promiscuity in Transacted 
Cellular Systems ^ ^ 

a^-Adrenergic SI 15 ecus ^, iv^.p ^ 

G a * Gu Milligan et al., 



a- A - Adrenergic Rat 1 



fibroblasts 



TABLE 7 

Possible 'naturally promisc uous' receptor systems 



Tissu« 



Receptor 



Refers nceU) 



Chick heart 



Rat atrium 



G jt . G e 




Muscarinic 



Muscarinic 



Guinea pig atrium Muscarinic 



Rat striatum 
Rat medulla pons 
Neuroblastoma cells 
7315c cells 

Rat anterior pituitary 
3T3 fibroblasts 

Hippocampus (rat/ 

guinea pig) 
Rat hepatocytcs 
Rat phrenic nerve 

hemi-diaphragm 
CHP212 
NG 108-15 cells 
Rat brain 
Bovine striatum 
Rat anterior pituitary 
aT3-l cells 



LLC-PK.J cells 
Rat myometrium 
Rat brain 



1991 
Grassle and 
Milligan, 1995 
nun r*\\* G t G Eason et al, 1994 

Reisine, 199^ 

G iJt G c 

HEK293 G t .G. Dittman et al., 
cells 1994 



Muscarinic 

Muscarinic 

Muscarinic 

Angiotensin 

Angiotensin 

Thrombin 

Serotonin 

Glucagon 
Adenosine 



Agnarason et al., 1988 
Brown and Brown, 
1984 

Brown and Goldstein. 
1986 

Tajima et al., 1987 
Eglen et al., 1988 
Imai and Ohta, 1988 
Kenakin and Bosetti. 

1990a, b; 1991 
Eglen et al., 1988 
Imai and Ghta, 1988 
Kelly et al., 1985 
BirdsaUet al, 1980 
Bruni et al., 1985 
Crawford et al., 1992 
Enjalbert et al., 1986 
Murayama and Ui. 
1986 

De Vivo and Maayani, 
1986 

Wakelam et al., 1986 
Silinsky ct al., 1989 



CCK 
£ Opioid 
Opioid 

Dopamine D 2 
Dopamine 
Gonadotrophin- 
relcasing 
hormone 
Endothclin 
Endothclin 
Somatostatin 



Barrett ct al., 1989 
OfTermanns ct al., 1991 
Wong et al., 1989 
Elaiar et al., 1989 
Llcdo ct aU 1992 
Shah and Milligan, 
1994 

Ozaki ct a)., 1994 
Khac ct al., 1994 
Murray-Whelan and 
Schlcgel, 1992 



CrSceUs G^ GeUyeetal.,1994 
BS-C-l cells o". U G. 

rrnrr - " G - * 



reduced potossium ^™ l ^tl type* of interac- 



complexes with DADLE and opioid receptors ,. 
NG108-15 ceUs (see fig. 3B> (Prather et aL, 199£ 
Keceptor/G-protein cross-reactmfy also can be seen 

rrdait^sSs^that^-ceptor^ 

be promiscuous with .respect ^^^^ 
calcitonin receptors ^ ^™ cell s in ie 

*° to DrXe opposite biological responses 

r^ff 1 tett? J aV S91). Interestingly, the primary 
(Chakrabortny <u-. * n ^de- 

activation of one pathway over the other was cell cy 
dependent (Le.. G2 versus S phase). 
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These data in general lead to a model for 7TM teppior 

rcltSt^Seful to trace the historyof 
receptor models in pharmacology. 

VI. Receptor Models 
The discussion of these ideas is considerably easier 
Jh compSon of experimental data with a recepto 
nTel. The first mathematical app 
theory to data was made by Clark (1933 1937 ami 
invaluable modifications were made bypaddum (1937 
1957) and Schild (1947a, b; 1949; 1957) among others 
s^asctdola: 1986 for review). With th« Ruc- 
tion of the concept of efficacy into ^WWgJj^JgJ, 
tion (Ariens, 1954, 1964; Stephenson, 1956), Ihe ideas 
relating to allosteric states 

(Mono! et al., 1965; Koshland, I960; Karlin, 1967, Kate 
2S Thesleff ,1957; Thron, 1973; Colquhoun, W3) and 
the idea that receptors can translocate withur Ihe mem- 
brane and interact with other membrane proteins (Cua 
trecasas, 1974) have come the basic ternary complex 
model (DeLean et al.. 1980). Subsequent receptor stud- 
ies and the availability of new receptor test systems 
have caused the modification of this model into the ex- 
tended ternary complex model ^ eb ; Lu " d ^ r ^S 
this. 1990; Samama et al., 1993). It should be ^cognized 
that there are numerous other models available to de- 
scribe drug-rcceptor interaction (for review see MacKay. 
1977; Kenakin, 1984). , f 

Alternative models such as the operational model of 
receptors (Black and Leff. 1983) are not bound by mech- 
anistic constraints and can be used to quantify drug 
activity in general terms. This is a particular advantage 
in functional analysis of drug-receptor inte raction in 
which null methods are used to negate systems effect^ 
Because this review is specifically concerned with 7TM 
receptors, the known biochemical mechanisms oftiiese 
eystems will be used for modeling «"™J 
described statistically complete mode of 7TM receptor/ 
G-protein interaction, termed the cubic ternary complex 
nJdel (Weiss et al.. 1996a. b), wiU be used to describe 
ligand effects. 

A. The Cubic Ternary Complex Model 

In general, there are three classes of interaction in 
7TM receptor eystems; these are shown schematically in 
figureTpart I shows receptor activation as a eqmlib- 
ruTbetwcen the active (R.) and inactive W~*gr 
forms and their interaction with the ligand A. The affm 
ity constant of the ligand for the inactive r^Ptorja 
denoted K A . and it is modified by a factor « tha ^quan- 
tifies the difference in affinity the Ugw-h-g^ 
activated over the inactivated receptor. The ^tenc 
constant describing the equilibrium between R, and R 
is denoted K.*. The concept of microscopic reversibility 



Effect of Lteand 



on G-Pnjtcin t 



ETtectof Ugmd 
onfWecptorActTvrton 

oK»e« ^ ao 




WA/- 




•r Ethel* Contain 

F,G 4. Cubic ternary complex model for 7TM receptors. A. Three 
faces of the cube represent (I) the effect ofligand 
tion (A on Rj to R.). (ID the interaction of reeep ors with <H»«<"<° 
on R, and R.) and (III) the added effect of hgand on receptor^- 
p^Sin interaction (A on R and G). (middle right) , Tta 
cub* -nth appropriate association constants mandatory by m.crore- 
vcrsibility. 

(Wyman. 1975) sets the equilibrium association con- 
stants for the ligand bound receptor species to be aK. et . 

The second class of interaction is the receptor behav- 
ior toward G- proteins (part II in fig. 4). Here it can be 
seen that, theoretically, both receptor fonns canbrad to 
G-protein; this is a deviation from the extended ternaxy 
complex model as described by Samama et al. (1993). 
Although there is no evidence that a stable complex 
between the inactivated receptor and G-proteins exists 
(species RtG), all proteins have an unconditional associ- 
ation constant between them, albeit small; ^"dy- 
namically, a path must exist throughttus species for the 
system to be energetically correct Thus, although 
may be exceedingly small, the factor ^ can be large to 
favor coupling of the activated receptor over the inacti- 
vated receptor to G-protein. Again, microscopic revers- 
ibility sets the other equilibrium constant to ptW 
' Sy, the agonist effect on receptor/G-protein cou- 
rting is shown as part m in fig. 4. Here the presence of 
Rontet on Preceptor produces a bias to raptor 
SuDling by a factor y. The full construction of the cube 
m ust Serrelate these processes with the 
instants shown in fig. 4 (described in detail in Weiss et 
«1 1996a b). Clearly, the model is heuristic in that too 
instants exis" for useful modeling of dateand 
ascription of chemical significance to ligand P"P^ 
However, the model is complete and is useful for descnb- 
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„ and predion* - J-S^ ta J5rJS« 

tems; some of these are shown in table «. 

VH. Pharmacological Drug-Receptor 
Classification 

<v.« m the previous discussion, TTM 
Ab can be ^^Jf^Setal proteins in mem- 
receptors can be thought of protems in 
branes. They interact with oth * r ™ e ™ paling dia- 
promiscuous fashion a f ^^ e Vfo dgu^ands 
fogue in the absence of ^^ ^^sere perturbed, 
m thrust ^totmsm^e^e ■J^JJJ, to 




Classical 



Simple ternary 
complex 



Ternary 
complex 



A + R^AR 



+ 



+ A 



G 

jr 

AUG 
- AR 
G 



RG + A ^ ARG 



Simple two- 
state 



Full two-eta te 



R + A^ AR 
AR* 



Clark, 1933; 1937; Hill, 
1909; Gaddum, 1937, 
1957; Langley, 1878, 1909; 
Stephenson, 1956 

Rose, 1989; Bourne et at., 
1990; Birnbaumcr et al., 
1990; MacKay, 1988, 
1990; Mayo et al., 1989 

Wrcggett and DeLean, 1984; 
DeLean ct al., 1980; Costa 
ct al. 1992; Ehlcrt. 1985; 
Cuatrecasas, 1974; Jacobs 
and Cuatrecasas, 1976; 
Abramson et al., 1987; 
Boeynaeme and Dumont, 
1977; Neubig et al.. 1988; 
Minton and Sokolovsky, 
1990; Lee et al., 1986 

Karlin, 1967; Thron, 1973; 
Cbangeux ct al, 1967; 
KaUandThealeff, 1957; 
Kirschner and Stone, 
1961; del Castillo and 
KaU, 1957 



R + a AR 

11 « 
R* +A^AR # 



Extended 
ternary 



R 

M 
R 
+ 
G 



* + 



A ^ AR 
It 

A ^ AR* 



Iyengar et at, 1980; 
Bimbaumer et el, 1980; 
Colquhoun. 1973; Karlin, 
1967; Podlcaki and 
Changeux, 1970; 
Heldenreich et al.. 1980; 
•Rossetal., 1977 

Lecb-Lundberg and Mathia, 
1990; Samama et al., 
1993; LeOcowitx et al., 
1993 



r*G + AR*G 



activated receptor ^rc^a^Tto G-proUin coupling. 
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sures „ "£«r are obtained, and the usual 
ttms from «*.ch <»°y d Md ugand 

methods i to do this "fS^fa™ Parameter, should 

•W*^ ft^Tandihus <"° s «» d u " 
be unique for each ^^^ eot „ ttrityta humans. 

curing ^^.^appmaAe. that can be 
ITSS. ^to^crSoa of the physiolog- 
taten to do ^ ™ " ™ Btor of Interest aa the pri- 
led ennronment for toe ~~P W ^ Ucs In ,i ew of 

™ n tar mav be introduced to G-proteins not normally 
ceptor may oe m e receptor is 

encountered. For «MjP • pho5ph oUpase C; however, 

pertussis toxin and thus reuneu i« ,qqo\ Similar 
Cteraction) was observed (Lucaitcs et al., l 99 ^"nUar 

effelts can be seen by varying *'*^™^JJZ 

studied separately. 
A. The Expectation of Zero Efficacy 

The efficacy of aligand is usually observed as a change 
ia^tSS. reSptor system in 
Ugand. By far, ^^T^L^^ 

observable change of state. However w ^ ^ 
Lwer of these mechanisms can completely 
Observed. For example, the low ^dre^c r^pto 
efficacy of prenalterol ^ m0nS ^^^ ^ 
- atria from thyroxinc-treated guinea pig atria, pa 
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agonist activity in guinea pig lea atria and no a&vrt. 
activity in the extensor digitorum longus muscle of the 
Sea pig. where it acts as an antagonist (Kenakir. and 
Bee? 1980; Kcnakin, 1985a). Therefore, the lack of ob- 
!erTadon of an agonist response does not ™<**^ 
preclude the presence of ligand efficacy, onl that the 
System was inadequate to make it observable (Kcnakm. 
1985a; Hoyer and Boddecke, 1993). 

Considering efficacy as the property of a drug that, 
when it is bound to the receptor, modifies the fraction 
of that receptor with other membrane-bound proteins 
encompasses a larger potential than simply the produc- 
tion of cellular response. The cubic tcwr."»Pj« 
model has a set of parameters that can be divided into 
those that are characteristic of the receptor system (Kg, 
K^. 0. [Rl. tGl) and those that are <^ actena _^.f?; 
drug interacting with that system (K A , a, y, 8) If it is 
assumed that K A is the chemical equilibrium dissocia- 
tion constant of the complex between the inactive recep- 
tor and the ligand (i.e., a measure of true affinity), then 
the observed affinity of any ligand is given by (Weiss et 
al.. 1996a): 



1 + gKact + -yKdGl + Sa-ypKcKaJG] 
K** = Ka l + Ke Ct + Kg[G] + flKcK^G] 



[6] 



What can be seen from this equation is that, for to 
be equal to K A , i.e., for simple affinity to be measured, 
then the condition that « = 7 « « - 1 must be true. If a 
drug has positive or negative efficacy (i.e., if either a, y 
or S are not equal to unity), then the observed affinity 
may be subject to systems conditions such as receptor/ 
G-protein stoichiometry or level of spontaneous receptor 
activation. Figure 5 shows the observed affinity for a 
positive agonist (panel A), neutral antagonist (panel B), 
or inverse agonist (panel C) with changing level of re- 
ceptor activation (K^) and/or receptor expression level 
(G-protein level constant). As can be seen from this 
figure, the observed affinities of positive or negative 
agonists can vary with the system (i.e., cell type, recep- 
tor expression level). In general, positive agorusm can 
increase the observed affinity of the ligand because the 
isomerization of the receptor to the active form 
(Colquhoun, 1985, 1987) and subsequent coupling to the 
G-protein creates a series of reactions that drives the 
binding of the agonist to the receptor beyond what would 
be dictated by the K A (MacKay. 1987; 1988; 1990a, b; 
Leff and Harper. 1989; Kenakin et al., 1990). In con- 
trast, the reverse is seen with inverse agonists. Because 
the higher affinity form of the receptor is the uncoupled 
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that constitutive actmty p ^ therapeuU . 

and that. «?^^^£a^ of constitutively 
caUy special However * redaBaiflca tion 

active recep^r J-^^J new ingightS into 7TM 
of an^gomsts^ has P ^ ^ rf 

receptor mechanisms * ro fo ^ 



served affinity of on a "^T^S'S^Jf^ 

ent expressionsystems can b ^^ de of the affin- fi^^S^^^c^ introduces the concept 

curvilinear surface and that recepto r The expectation oT zew . « J^ptor pharmacology 

ity is dependent on system, , «»**. *s p^. ^^^'JiS^'X^ prematurely dassi- 

W, availability ^.^X^onlc effects vide infra). (Kenakin oTthe basis of experiments 

taneous receptor ^vahor. ^^ to fied a8 a ^utral antogonut ^ ^ ^ 

Neutral antagonists are special odify ^ in quiescent ™« 1 ^^^ t ^ eQU altoauaofolher 

<^»^*^^. A ^£^£^ too automatically a3Sum ^f^u g Siareusedtoclas. 



the active and inactive ' "SST3«I^.S««^- 

traction of the recep^th G-protem 0*. V & 

!)-, therefore. ^^^^S^anin^ 
confonnafaon formally identical w ^ligand 

with respect to the binding ^^^Q aly und er 
m ust also block the effect of «*J™Jj£ £ a lrue 
these circumstances ^M^^T^ subject 
neutral antagonist and would ff tor/G . prote in 
to sys tems effects ^^*S&£^ 
stoichiometry «teti« levels '^ue m rece , 



assumption ^p^^to ~ ^ to ni 
S^^SSSi^SLt arl made on the 
ofco^ eUoL of affinity of antagonists » *e 
.pneticallv created versus the natural system. If the 
genetacauy creaxe ^^ations are not uniform (i.e.. 

t r lic^nH namely the inverse agonist. mis enxuy 
class on. 6 .nd namw . , propcrty 



P reva , ^ A , .; ftnno!> , fn he so common in the htera 



prevalent the. prev»»s,, » — ^ ^ , itera . 
»™ ^'.SSTe cutest systems 

,„„ .evels of^"^'^^^- (vide i»- 



that is obvious only wncn - r 

are present in such quantities as to be observed. 

B Detection of Inuersc Agonism 

fied as neural an^onis^As "^^Uneous 



bias the observation teward neutral JW-JJ - - ^ a8 neutral antagonists^ in £ ^^ 0M 

be seen, in fact, to be invers i t, receptor years, various f em °^\ , . eeneral, the main tenet 

shouldbestressed^ttheconsU^ of haVC b T B Tt^atcondSs are met for the 

slewed «< — — "oi^^-«ss^!£ts 

ligands either stabihzmg or nuaacC s in receptors I? 1 * fl l5 ceUs untU the constjtutive 
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FIG. 6. Dct^onofinver«ago n ism.(AHncre^odl^alGTTase 

. . „„ r „_ vjoi 08-15 cells by substitution of Na 

act vity ui membranes from NUIUB to ecus 174864 
with K* and the effects of the opioid inverse agonist ICI 174864 
S TN-^aJlyl-TTr 1 . Aib«. SILcu^nkephalin). W.th pcrrmssio, .from 
STe Nation^ Academy of Sciences and from Costa and Heri <1989). 
S Eu£ B-^renertfc receptor ligands on basal adenylate cydas 
activity mediated by a consUtutively-active mutant of the ft.-adren 
Sr^p^WithpermUsionfromASPErraad^mSa 
aSSSt® Effects of 0-adrenergie btockere on basal adenylate cy- 
T< a£ity in memb'ranea from af9 cells ™ ^pen 



destabUzed by Na + (Costa et aL, 1992). In. <jdd«M» 
known that Na* modulates receptor affinity (or G-pro- 
teins(Jagadeeshetal., 1990; Coste et al U*>).an&** 
known that Na + produces dcxtral diq^beemmt of ^con- 
centration-response curves to agonists for <^«™»*c 
receptors (Limbird et al., 1982), dopamine D 2 receptors 
(Hamblin and Creese, 1982) and 6-opioid receptors (Pert 

et al., 1973). . , _ . , 

The oriBinal method reported by Costa and Jta. 
(1989) has been extended to other receptors. Thus, rc 



moval of Na* , shown to stimulate spontaneous associa- 
tion of G-proUs and opioid receptors (Costa et al.. 
1990 1992), also produces constitutive activity for a 2 - 
TckcS receptor (Tian et al., 1994). Similarly, the 
binning of the ^-adrenergic receptor ^inverse agorast 
['Hlrauwolscine is increased 75% in PC-12 membranes 
with added Na + (Shi and Deth, 1994). There is evidence 
to suggest that, like GTP-induced cancelation of recep- 
tor/G protein complexation, biochemical factors such as 
Na + may be important in the modulation of constitutive 
activity; although inverse agonism can be detected .for 
some drugs in membrane systems in which the ion c 
milieu can be controlled, the same is not true in whole 
cell systems. Thus, the inverse agonism detected for 
some 8-opioid antagonists in membrane systems (Costa 
and Herz, 1989) was not observed in whole cellular 
systems (Costa et al., 1990). It may be that biochemical 
systems can be optimized for the detection of inverse 
agonism more easily than can functional systems. 

Inverse agonists also have been discovered in binding 
studies by observing effects of guanine nucleotides. 
Thus, unlike the effects of GTP analogues on positive 
aconist binding (affinity is reduced), the binding or 
inverse agonists is increased by GTP. For example, 
studies on the reverse effects of GTP-yS on binding have 
been used to detect negative efficacy in spiroperidol (Ue 
Lean et al 1982). The adenosine receptor antagonist 
[ 3 H]xanthiiIe amine congener preferentially binds to 
free adenosine receptors in bovine cerebral cortex 
(Freissmuth et al., 1991; Schutz and Froissmuth 1992), 
where the receptors are spontaneously coupled to t,- 
proteins (Leung and Green. 1989). This approach, al- 
though useful in some receptor systems, requires a ki- 
netically favorable system for rapid exchange ot 
guanosL diphosphate (GDP) to GTP. There are known 
G-protein systems that do not temporally respond ade- 
quately for this reaction to take place on ^appropriate 
time scale, making this approach unreliable. This is 
discussed later in relation to agonist receptor coupling. 
A variant approach is by the cancellation of G-protein 
effects with toxins. Thus, pertussis toxin has been 
shown to increase the affinity of the opioid receptor 
inverse agonist ICI 174864 (Costa and Herz, 1989) and 
the a 2 -adrenergic receptor inverse agonist rauwolscine 
(Jagadeesh e t al.. 1990; Shi and Deth, 1994). 

Another approach is to study ligand effects on consti- 
tutively active mutant receptors. This has been used for 
the study of inverse agonism of fe-blockers ICI 118 551 
and betLolol in CHO cells transfected with mutant 
constitutively active ^-adrenergic receptors (See fig. TO, 
Samama et al.. 1994). Constitutively active mutonts 
nave been made also of « 1B -adrenergic receptors (MUano 
et al., 1994a) and ^-adrenergic receptors (Ren ei al. 
1993) In general, the technical demands could limit the 
appUcabuity of this technique. Also, the potential for 
aUTeSices between ligand activity on mutant versus 
wild type receptors always is open to question. 
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?his. in turn, will ^^^jSj^JS^ ele - 
activation or by «^^^?^tutl««dl«itar 
ments(i.e., adenylate cyclase, e^ ^n 

actmty has been shown c H 0 cells (0a- 

mama et al., 1993), . ffl lls (C hidiac et al., 

clones expressing 2500 £ maximally isoprot- 

basal level of cAMP app "^^^^o fjftng 
erenol-stimulated levels in ceUs "J" 8 ^* 6C shows 

protein receptor (P-J^J; ^^SSc receptor 
the positive ^7^^^,° Activity from mem- 
Set ? f * 

rects 

leads to spontaneous GTPase activity 
agonist (Senogles et al 1990) . f d iri tissU e S 

Yet ^.^SSIJL activ- 
from transgenic animals that proou (T G-4, 
ity by receptor overexpres ^J^^^.specific 
TO^^}^^^^Z^ receptor 

ergic receptor antagonist J*"*"* * h M we ll as 
In vivo, this ^^X^ «^ 
decreases » le ^SX SrTnolol (fig. 7B). Iden- 
this effect also was blocked by a^ e 
tical "spores could be se^^ J^ ?B) 

activity in membranes ^J^-T^^ to be made 
TherearepracUcalandtheoretic^«wea ^ 

onstrate apparent inverse ageism for a^n»uOT^ J»e^ 
teria for the demonstration of trie 




1ff - tor' 10* 
K>n8,55t (MJ 

with ov-xpr^ fe^erpc^ P ^ ^ ^ 

of the invei^agonist ICI-U8.551 onoa in ^ absenfic 

Utuion from TG-4 ^ eirdes). (B) 

Effects of ICI-llB^si on i« membranes from 
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activity U observed " JJ'permisdon from MacMfflan Mag- 

From Bond et al. (1995). 

constitutively active receptor systems that have been 
m 2in many studies. They are as follows: 

. Inverse effects have been observed in receptor sys- 
te^ with added G-protein (Scbute and Freiss- 

. Revtr^eefficts of GTP analogs and G-protein toxins 

have been noted on binding curves. 
. Averse agonism has been observed in transgenic 

by neutral antagonists (i.e., see fig. 7 A). 
Thi, latter point ifl perhaps the most important. When 
th ^b^ 

detection of inverse ^^^^^U on 

t i6S VZ^TSS^ observed that numerous 

agonists. There are i**^J£^Ji*L 6 f9 
^lockers. P-Sced in- 

cells expressing (^adrenergic re v j; 
verse agonist effects (Chid- tal «^«f - m 
ilarly, Samama et al. (1934) louna 
two of three p-blockers tested (fig. ^BM^ ^ 
expressing adrenergic ^^J^^dfcative 
aa -antagoruste depressed I . S B f ^^aMe 9 shows a 
of inverse agonism (Tian et al.. 1994). laoi 
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TABLE 9 

Puiative inverse agonists: wild type receptors 



Receptor 



p 2 -Adrcnergic 



^-Adrenergic 
a 2 -Adrenergic 



Muscarinic 
Acetylcholine 

Bradykinin 



5-Opioid 

Dopamine* 

Adenosine 4 



02- Adrenergic 
o lB -Adrenerglc 



System 



Drue 



Sf9 membranes 



pindolol 
labetolol 
timolol 
labetolol 
pindolol 
alprenolol 
propranolol 
timolol 
propranolol 
pindolol 
ICI 118,651 
atenolol 
propranolol 
rauwolscine 
yohimbine 
WB4101 
idazoxan 
phentolamine 
yohimbine 
rauwolscine 
rauwolscine 1, 

atropine 0 

QNB d 
HOE140 
NPC17731 
NPC567 
mianserin 
mesulerginc 
ketanserin 
clozapine 
cyproheptadine 
ketanserin 
meaulergine 
metergoline 
raethysergide 
ritanserin 
mianserin 
meaulerginc 
ketanserin 
clozapine 
spiperone 
ICI 174864 
spiroperidol 
XAC 

Constitutively active mutants 

enamel g«|- 8l 

phentolamine 



CHW membranes 



turkey erythrocytes 

TG-4 murine atria 
cardiornyocytcs 

PC-12 cella 



bovine aorta 
PC-12 cells 

frog/rat 

atrial myocytes 
frog heart 
Rat myometria 



KIH 3T3 cells 
NIH 3T3 cells 

Sf9 cells 



NG108-15 cells 

P. anterior pituitary 

Bovine brain 



Chidiac et al., 1994 



• Dichloroisoproterenol. ^ 
b Increased binding in the presence of added Na . 

c At I |iM. 

< C'H]QumucUdinyl benzoaU. , ith 0 f OTP in medium. 

• Suggested by the increased binding observed wiui m« 



Gotze and Jakobs, 1994 

Bond et al. ( 1995 
Mewes et al., 1993 

Tian et al., 1994 



Jagadeesh et at, 1990 
Shi and Deth, 1994 
Jagadeesh and Deth, 1992 
Hanf et al., 1993 

Burgisser et al., 1962 
Leeb-Lundbcrg et al., 1994 



Barker et al., 1994 

Westphal and Sanders-Bush. 1994 

Lebrecque et al., 1995 



Costa and Herz, 1989 
De Lean et al. t 1982 
Freissmuth et al., 1991 



Samama et al., 1994 
Cotecchia et al., 1995 



aoutad W*>" f»» "? m<**fj* "J^f/it Is uncle" to »h«t «*.oMf w 
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case could be made for a greate • n ^ for 

r^^S^^^ (MiUi r ct 

inverse agonists versus tor on tne membrane 

al., 1995b). If normal le f = ^^f s ' ^taneously acti- 
ve controlled by P^sp WaUon of spo ^ ^ 
vated receptors, then an inverse ag in 
this normal process and thus proauwj 
Se rector synthesis/destructmn cycle. 



* Wh-affimty' site for a ligand often 

»s subjective wnen a| * . f bm di n g sites is observed 
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ecnes encoding the mouse ml muscarinic acetylcholine 

high affinity binding sites (26% pK„ = 5 4 74% pK, 

that are resistant to treatment of the membranes 
with Gpp(mi?p (Shapiro et al., 1988). The same results 
wc« obS for the chick muscarinic acetylcholme 
raptor ^pressed in CHO cells, namely a lack of effect 
oTgpSnH)p on complex inhibition of [ 3 H]QNB binding 
by^bachol (Tietie et al., 1990). Sunilarly, the bmding 
of the agonist t 3 H]5-HT to rat 5-HT 7 receptors trans- 
fcc^inScOS-TceUs is unaffected byGTP(Shenet 
1993). An interesting contrast was observed in CHO 
cells transfected with genes for human D 2 and D 3 recep 
tors, respectively. Although high affinity dopamine guid- 
ing was sensitive to G PP (NH)p in D 2 receptor trans- 
fected cells, high affinity binding of 
receptors in the same cell line was resistant to this 
£c2dure (Sokoloff et al., 1992). Similar heterogeneity 
of GTP-effecte was observed for 5-HT 2 receptors trans- 
fected into HEK293 and NIH 3T3 cells. Whereasagonist 
coupling was insensitive to GTP analogues m HEK 293 
cils, fcwas partially sensitive in NIH 3T3 ceUs (Szele 
and Pritchett, 1993). 

Variability in the 'OTP-shift* has been analyzed m a 
model proposed by Onaran and <^>- "™ 

extended the ternary complex model to include the : dis- 
sociable subunits of the G-protein and the effects of 
nucleotides. In general, this model predicts large differ- 
ences in the observed effects of nucleotides on hgand 
binding that depend on system characteristics, namely 
the coupling factor modifications of unconditional equi- 
librium constants among the G-protein subunits the 
receptor and the a-subunit. As shown in figure 8A and B, 
the concentration of 0y subunits affect the observed 
potency of agonists differentially under conditions of 
high to low GTP. The difference between these curves (at 
a fixed quantity of fly subunit in the system) u i th« , «GTP 
shift/ and it can be seen that the magnitude of this shift 
is determined by the availability of py subunit Interest, 
ingly, this model also predicts that the availability > ot fiy 
subunits also affects spontaneous constitutive s and ago- 
nist-induced receptor activation. As seen in figure s 8C. 
constitutive activity is more sensitive to tiie concentra- 
tion of-0Y subunits than is agonist activation. This has 
been observed experimentally as well (Cenone et _ al., 
1985; Okabe et al., 1990; Hildebrandt and Koh^ken 
1990 . As seen in figure 8D. where the M<M « 
subtracted, the concentration of fiy ™*™**™*£ r 
phasic effect on agonist activation, increasing it at lower 
concentrations and tiien decreasing it at higher concen- 
trations. Thus, the Py subunits buffer the system for 
both spontaneous activity and agonist effect. The unpor- 
tonce of 0? subunits (a cellular host effect) has been 
shown in antisense oligonucleotide experiments where 
certain 0-eubunits were found to be involved in signal 
Eduction cascades in GH3 cells (Kleuss et aL, 1992). 
Recent provocative date with a^-adrenergic receptors 
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Fic 8 The effects of Py eubunita on high affinity Hgand binding 
and receptor activation. (A) Simulation of high affinity binding w.th 
various concentrations of Py subunits in the presence of high con- 
centrations of GTP and in the presence of low GTP (panel B). The 
relative locations of the dose-response curves for any given concen- 
tration of GTP reflects the GTP-shift induced by GTP . md.cat,ng 
agonist efficacy and receptor/G-protein coupling. (C) Effects of py 
eubunits on receptor activation. Note how increasing py concentra- 
tion depresses constitutive activity, changes maximal responses to 
an agonist and decreases sensitivity of the system to the agonist, but 
that each of these systems characteristics is not equally sensitive to 
fly concentration. (D) Simulation shown in C with the agomst-inde- 
pondent (constitutive) activity subtracted. This shows the biphase 
effect of By concentration on the maximal effect of an agonist w.th an 
tntial increase then decrease with increasing Py concentrate. Daw 
from Onaran (1903). 

in NIH 3T3 and PC-12 cells provide evidence for the 
involvement of a specific membrane-associated protein 
in the interaction of agonist-induced activation of G- 
proteins (Sato et al., 1995). A similar protein has been 
found for adenosine receptors. This factor causes tight 
receptor/G-protein coupling that is refractory to GTP-jS 
(Nanoff et al.. 1995). The implications of another mem- 
brane interacted in the receptor cascade are extremely 
important in terms of defining and quantifying agonist 
efficacy for drug therapy. , „_ . _ 

The expectation of observing a high affinity agonist 
binding in an expression system presupposes that the 
appropriate G-protein is present in the expression cell 
and also that it is there in sufficient quantities to pro- 
duce observable ternary complexation. This can vary 
with different expression systems as was illustrated m 
studies of the expressed rat 5-HT 8B receptor. Accord- 
ingly, a high and low affinity state for this receptor for a 
5-HT agonist that was greatly reduced by the presence 
of the nonhydrolyzable GTP analogue Gpp(NH)p (show- 
tag receptor/G-protein coupling) could be demonstrated 
when expressed in COS-1 cells; no corresponding G- 
protein activation could be demonstrated when ^this re- 
ceptor was transiently expressed in COS-7, COS-293 or 
CHO cells (WUden et al., 1993). Clearly, if the appropn- 
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r 5-HTi 
h 5-HTl B 
r 5-HT 1A 
r otao 
m 5-HT lB 
r o 2B 
h 5-HT lD 
r secretin 
h 6-HT lD 
t rVTP 
h5-HT x 
r secretin 



l 3 HJ5-HT 
[ 3 H15-HT 
( 3 H)DPAT 
l a HlUK 14,304 
l 5 H]5-HT 
t 3 H)UK 14,304 
[»H15-HT 
ias l-8ccrctin 
l l H15-HT 
«*I-VIP 
PH1DPAT 
^l-SecreUn 



HEK 293 
sC9 
Ltk" 
NIH 3T3 
6 f9 

NIH 3T3 
HeLa 

COS + <V 
LS12/6.2 
COS 
COS-7 

r eecreun COS 

m muse ml CHO 
c muse m4 CHU 

r Al A 
mmU Bcml ^ 

CHO 
CHO 
CHO 
C6 cells 
HEK 
HEK 
Uk50 
HEK 
HEK 
HEK 



8.4 
11 

8.8 

8.16 
11 
8.3 
9.27 
9.2 
7.7 
9.8 

10.2 
9.2 



7.2 
10 
8.0 
5.85 
9.9 
€.0 
8.1 
7.7 
6.7 
7.7 
7.65 
7.7 



r Duo.* 

hD a 
rb D x 
h ml 
hm2 

h m2 
hm4 
h m3 



carbachol 
carbachol 
r-PIA 
carbachol 
dopamine 
dopamine 
dopamine 
dopamine 
dopamine 
dopamine 
carbachol 
carbachol 
dopamine 
orotrcmorine 
carbachol 
orotrcmorine 



5.26 


3.9 


5.27 


3.9 


9.15 


7 


6.5 


4.2 


8-1 


6.1 


7.6 


5.45 


8.4 


7.1 


8.6 


12 


7.66 


5.8 


8 


6 


4.1 


3.3 


7 


3.3 


8.1 


6 


8.1 


5.3 


5.1 


3.25 


7.66 


5.4 



KG 

50/50 

50/50 
37.5/62.5 

36/64 

34/66 

30/70 

15/85 
11.8/88.2 
7/93 

2.6/97.5 

1.8/98.2 

85/15 
85/15 
72/28 
70/30 
58/42 
48/52 
47/63 
40/60 
34/66 
32/68 
30/70 
28/72 
25/75 
20/80 
6.6/93.5 
5/95 



Voigt et bL, 1991b 
Ng et aL, 1993 
Albert ct al.. 1990 
Duric et al., 1992 
Ng et al., 1993 
Duric et al.. 1992 
Hamblin et al., 1992 
Ishihara et al.. 1991 
Levy et al., 1992 
Ishihara ct al., 1992 
FarginetaL, 1988 
Ishihara et al., 1991 

Shapiro et aL, 1988 
Tietje et aL, 1990 
Mahan et at, 1991 
Shapiro et al.. 1988 
Castro and Strange, 1993 
Castro and Strange, 1993 
Sokoloffetal.. 1992 
Castro and Strange, 1993 
Sokoloffet al.. 1992 
Machidaetal.. 1990 
peralta et al., 1987 
Peralta et al.. 1987 
Castro and Strange, un* 
Peralta et al., 1987 
Peralta et aL. 1987 
Peralta et aL. 1967 



. Cotranafected with h rhesus monkey; VIP, 

r, rat; K human; m, mouse, c, cmc*. 



active inteatinal pe P Udc; r-PIA. r-phccylisop^eno.-in. 
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There is an intrinsic association constant between 
receptors and all G-proteins (i.e., Kg in the cubic ternary 
complex model), and selectivity of receptor/G-protein 
coupling can be achieved by this Kc and the relative 
'concentrations' of the receptor and G-protein (i.e., very 
little receptor/G-protein complex will be formed 1 by a 
receptor with an association constant Kq of 10 4 at a 
concentration of 10 /xM). However, if the concentration of 
receptor were increased 100-fold, then an appreciable 
amount of even this unfavored complex will be formed. 

If it is accepted that receptors can be promiscuous 
with respect to the G-proteins that they encounter in the 
membrane, then there is a potential for dissimulation of 
effect with receptor overexpression. One method of 
achieving signaling selectivity in nature is to control the 
s toichiometry of receptors and G-proteins; if this is over- 
ridden in a heterologously expressed system, then sys- 
tem-dependent data may result that may not reflect the 
physiology of the receptor. For example, receptor expres- 
sion level has been shown to determine the cellular 
responaes mediated by transfected a 2 -adrenergic recep- 
tors in CHO cells (Fraser et aL, 1989). Thus, in cells 
containing 50 fmol/mg protein, primarily inhibition of 
cAMP levels was observed with epinephrine, whereas in 
cells containing 1200 fmol/mg protein, a biphasic inhibi- 
tion and stimulation of cAMP level was 6een. The inhi- 
bition phase was sensitive to treatment of cells with 
pertussis toxin, suggesting that this receptor activated 
two separate G-proteins in CHO cells (Fraser ct al: ( 
1989). Similarly, muscarinic receptors expressed in 
JEG-3 cells can either inhibit or stimulate adenylate 
cyclase, the nature of the response being dependent 
upon the receptor expression level (Migeon and 
Nathanson, 1994). Another example of receptor density 
controlling the effect in a cellular system is with the 
expression of a^-adrenergic receptors in COS cells (Ea- 
son et aL, 1992). In this study, an o^-adrenergic receptor 
level of 1 pmol/mg protein yielded a system that medi- 
ated inhibition of adenylate cyclase (via G 4 protein), 
whereas higher receptor expression levels (5 and 10 
pmol/mg protein) produced biphasic interaction of the 
receptor with both Gj and G t to inhibit and then subse- 
quently stimulate adenylate cyclase. The ^-adrenergic 
receptor expressed in Rat-1 fibroblasts has been shown 
to activate several cellular elements including phospho- 
lipase D (MacNulty et aL, 1992). Similarly, expression of 
muscarinic m4 receptors in HEK 293 demonstrated a 
biphasic response with respect to adenylate cyclase ac- 
tivity that depended upon receptor number. Thus, in 
cells with low levels of receptor expression, activation of 
m4 receptors resulted in inhibition of cAMP, whereas in 
cell lines exhibiting the highest levels of receptor expres- 
sion, a biphasic response of inhibition and stimulation 
was observed. This was consistent with receptor compe- 
tition with a pertussis-sensitive and -insensitive G-pro- 
tein in the cell membrane (Dittman et aL, 1994). In CHO 
cells transfected with muscarinic m3 receptors, carba- 
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chol produced both increased accumulation of inositol 
1,4,5-triphosphate and cAMP (Burford et al 1995) 
However, a 50% reduction in the receptor transection 
level resulted in loss of cAMP response. 

An interesting difference in signaling was shown for 
the human calcitonin receptor. Expression of the cDNA 
obtained from T47D cells, in BHK cells led to a receptor 
profile similar to that found in T47D cells. However, the 
function of the expressed system differed. Although cal- 
citonin increased intracellular calcium, inositol phos- 
phate production and cAMP in BHK cells, only the 
cAMP response was observed in T47D cells (Moore et aL, 
1992). This difference in coupling may have been related 
to the difference in receptor densities in the two cell 
types (BHK cells 800,000 receptors/cell; T47D 40,000 
receptors/cell). 

Another case of receptor-coupling promiscuity tied to 
receptor expression level was observed in African green 
monkey cells (BS-C-1) transfected with human 5-HT 1E 
receptors. While low expression levels (2 pmol/mg pro- 
tein) produced 5-HT-mediated inhibition of cAMP pro- 
duction, higher levels (5 pmol/mg protein) produced cells 
showing a biphasic decrease and increased cAMP re- 
sponse to this agonist (Adham et aL, 1994b). Each re- 
spective response could be eliminated by treatment of 
cells with pertussis and cholera toxinaCs), indicating pro- 
miscuous coupling of this expressed receptor to separate 
G-proteins. 

There are theoretical reasons for concern over recep- 
tor density versus availability and type of G-protein 
coupler present in the membrane. Figure 9 shows the 
results of modeling using the cubic ternary complex 
model with one receptor binding to two G-proteins 
(Kenakin and Morgan, 1989). The simulation is for the 
maximal ternary complex produced by an agonist that 
activates a single receptor toward interaction with two 
G-proteins. G-protcin G x is favored and is the primary 
physiological coupler for the receptor-agonist pair, but 
there is a weak interaction between the agonist-acti- 
vated receptor and the second G-protein G 2 . As can be 
seen from figure 9, at receptor levels from 0.01 to 10, 
essentially all of the ternary complex is formed with G v 
However, as the quantity of receptor increases beyond 
this level, appreciable levels of ternary complex with G 2 
can be observed. The resulting cellular response result- 
ing from the biochemical cascades initiated by both G t 
and G 2 might be expected to be quite different when 
compared with the result emanating from only G x ; thus, 
a qualitative and quantitative difference in agonist re- 
sponse probably would be seen as a function of receptor 
expression level (Kenakin, 1995a). 

D. The Nature of Efficacy: Receptor Activation 

There has been much effort placed into the study of 
how receptors can activate G-proteins and effectors. As 
discussed previously, theoretical and practical data sug- 
gest that an active conformation of the receptor can bind 
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Fro 9. Simulation of a single receptor plus two-G-protom mem- 
branc system. Ordinate axes show the maximum quantity ofternary 
complex formed between agonist/receptor and pnmary G^te-n G, 
(right-hand axis) and agonist/receptor and secondary G-protem G, as 
a faction of receptor density (abscissae). The relaUve concentration 
of G,/G 2 is 10 to 20. Other system-dependent parameters are. [HI - 
variable J = 0 1. 0 = 1000: Agonist dependent parameters - M, - 
0 ^%100O.M, = O.01.« l - lOCseeschematicinset^Theaeomst 
promotes a preferential ternary complex with G,. As can be seen 
ETthis figlU at receptor concentrations from 3 to 50. essentia^ 
all of the ternary complex is formed with G, (b.nd.ng curve mset for 
[R] = 60). However, as Lhe receptor concentration .s mcreascd be- 
yond 50. a second complex of agonis«/reeeptor/G 2 appears w.th m- 
creasing prevalence (binding curve inset for [Rl - 200). 



to G-proteins and begin the process of effector activa- 
tion. There is evidence that short synthetic peptides 
from the third and fourth intracellular loops of G-protein 
receptors in close apposition to the membrane are 
known to stimulate G-proteins in vitro (Okamoto et al.. 
199* Cheung et al., 1991; Ikezu et al., 1992). Tins would 
suggest that inactive receptors have these binding do- 
mains inaccessible to G-proteins and that agonists Ve- 
lax' the receptor to expose these domains and thus ini- 
£te activation (Lefkowitz et al- 1993). Under tiiese 
conditions, inactive receptors could be thought to be 
under tonic constraint with respect to these intracellular 
domains (Lefkowitz et al., 1993). There is evidence that 
mutations of some receptors in specific regions produce 
constitutively active receptors and that the inactive re- 
ceptor is the exception, not the rule. For example, sub- 
stitution at position 293 of the "^-adrenergic receptor 
with any one of 19 other amino acids (different from the 
wild type) produces a receptor that spontaneously pro- 
duces inositol phosphate production (Kjelsberg et al., 
1992) In the bacterial chemoreccptor Trg, 20 mutations 
led to nine constitutively active receptors and 11 quies- 
cent ones (Yaghmai and Hazelbaurer, 1992). Thus, in 



general terms, it may be that the inactive conformation 
of the receptor is the special one, designed to keep inac- - 
cessible the G-protein-activating amino acid sequences, 
and that deviation from such conformation(s) leads to a 
partially or completely activated receptor. 

A central question in pharmacology is the nature of 
agonist efficacy, i.e., what makes agonists enrich the 
membrane population of activated receptors? A useful 
early delineation of ideas was proposed by Burgen 
(1966), who suggested that receptors could impart sig- 
nals either by 'conformational selection' or 'conforma- 
tional induction.' The first idea describes a condition 
whereby the receptor pre-exists in at least two states, 
one of which elicits cellular signaling (the activated re- 
ceptor state). Agonists selectively bind to this activated 
state and enrich the population and thus produce a 
drug-induced response. The second idea describes an 
active receptor conformation created by the agonist and 
thus not present in the absence of the agonist. 

Although it necessitates at least two receptor states, 
the most parsimonious hypothesis is conformational se- 
lection because it does not require additional receptor 
conformations other than those that exist naturally. 
There is evidence that naturally activated receptors ex- 
ist and can activate a variety of effector systems. In fact, 
there is evidence to show that receptors can form differ- 
ent conformations and display complex binding kinetics 
in receptor systems stripped of G-proteins. Thus, mus- 
carinic receptors, solubilized with digitonin-cholate and 
further processed to remove G-proteins displayed bipha- 
sic binding curves for the agonist oxotremonne (Wreg- 
eett and Wells. 1995). These data can be described with 
a tetravalent oligomeric receptor model that involves 
different receptor conformations not dependent upon U- 
proteins (Wreggett and Wells, 1995). 

In terms of the concept of receptors existing in ditter- 
ent conformations, selective binding to the activated 
form of the receptor by a ligand will enrich the relative 
proportion of that activated species and produce re- 
sponse (Le., fig. 2). There are data becoming available to 
probe the nature of the receptor species responsible for 
physiological response. The most valuable systems to 
explore this area are those in which a single receptor 
species is capable of interacting with two or more U- 
proteins. The relative activation of the G-proteins in- 
volved may provide an insight into the activated recep- 
tor specie6 formed by agonists. 

1. Receptor trafficking of stimulus. There is evidence 
that some agonists specifically direct receptor signaling 
traffic toward specific G-proteins making agonist re- 
sponses selective for receptor/G-protein combinahona 
(shown schematically in fig. 10A). For example, in CHO 
cells transfected with 5-HT lA receptors, a range of full 
and partial agonists differentially produced activation of 
G^ and G oi3 . Whereas 5-HT appeared to be cquiacbve 
for G-proteins. the agonist ipsapirone showed a distinc- 
tion (Gettys et al.. 1994). Agonists for ml acetylcholine 
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FiC. 10. Agonist trafficking of receptor stimulus to different G- 
proteins. (A) Schematic diagram of the concept of receptor stimulus 
trafficking by agonists. Agonist A produces response by directing 
receptor activation to G-protein 1 while agonist B uses another 
G-protoin. Presumably, this is caused by differences in the confor- 
mation of the activated state either stabilized by or created by the 
different agonists. From Kenakin (1995b). (B) Simulated data con- 
sistent with differences in G-protein activation by differential 
strength of signal. Agonist A is highly efficacious and activates G t 
and the less sensitive G 2 , whereas agonist B is weaker and can only 
activate the most sensitive process, namely G v (C) Data simulating 
true agonist directed trafficking of receptor stimulus. Agonist A 
preferentially activates G lt whereas agonist B preferentially acti- 
vates G a . 

(mlAChR) receptors also may direct trafficking to selec- 
tive biochemical cellular pathways. In CHO cells trans- 
fected with mlAChR, quantitative differences in the 
potencies of carbachol, pilocarpine and AF102B for acti- 
vation of phosphoinositide hydrolysis, arachidonic acid 
release and cAMP accumulation indicate selective acti- 
vation associated with receptor recognition of ligands 
(Gurwitz et aL, 1994). A clear distinction between G- 
protein activation of G 6 and G* by a 2 -adrenergic recep- 
tors was shown by oxymetazoline and epinephrine in 
CHO cells (Eason ct al., 1994). Whereas epinephrine 
activated both G-p rote ins in a similar concentration 
range, oxymetazoline could be shown only to activate G t . 



Another possible indication of agonist directed traf- 
ficking comes from the observation of high and low af- 
finity binding states with different agonists in various 
expression systems. For example, carbachol and ox- 
otremorine are known agonists for human muscarinic 
acetylcholine receptors. Transfection of subtypes 1 to 4 
into HEK cells leads to interesting differences in high 
and low affinity inhibition of f 3 H]QNB binding. Specifi- 
cally, whereas the m2 subtype shows comparable high 
and low affinity states with both agonists, oxotremorine 
exclusively produces two states in cells transfected with 
subtype m3, and carbachol exclusively produces two 
states for transfections with subtype ml and m4 (Per- 
alta et al. v 1987). Although the ability to produce a 
demonstrable high affinity state is dependent on the 
intrinsic efficacy of the agonist, these data suggest that 
whatever G-proteins are available in the HEK cell for 
complexation with the receptors are differentially used 
by the agonists in producing coupling states. 

One possible explanation for these data is that the 
various agonists produce different activated receptor 
conformations that have different relative affinities for 
G-proteins, i.e., these agonists 'traffic' the receptor stim- 
ulus toward different G-proteins. At this point, the na- 
ture of the receptor species that activates the G-protein 
should be defined. At present, there is an abundance of 
evidence that different regions of 7TM receptors activate 
different G-proteins (i.e., the same sequences do not 
universally activate all G-proteins) and that selectivity 
for G-protcin coupling can result (Wong et aL, 1990; 
Kosugi et al., 1992; Okamoto and Nishimoto, 1992; 
Yamada et al., 1994; Nussenveig et al., 1994; Wu et al M 
1995). However, it is not clear whether the activated 
receptor exposes all or just some of these upon confor- 
mational change to the active state. There is suggestive 
biochemical evidence to indicate that agonist-bound re- 
ceptor complexes differ from those not containing ago- 
nist with respect to G-protein binding. For example, 
whereas some antisera for a-sub units of G-proteins do 
not differentiate spontaneously receptor-bound G-pro- 
teins and those produced by agonists, the amount of 
spontaneously coupled or 2 -adrenergic receptor to G ai is 
reduced by the a 2 -adrenergic receptor agonist p-amino- 
clonidine (Okuma and Reisine, 1992). This indicates 
that the receptor complex spontaneously coupled to this 
G-protein and the activated receptor formed by p-ami- 
noclonidine were seen to be different by the G-protein 
(as indicated by immunoprecipitation with the antiser- 
um). 

Although there is suggestive evidence, there is still a 
paucity of definitive data to indicate that agonist-selec- 
tive activated receptor complexes exist. Also, before this 
complex hypothesis can be considered, the more simple 
scenario of selective G-protein activation graded by 
strength of stimulus must be eliminated. This idea 
states that the spectrum of G-protein activation is pro- 
duced by the actual strength of stimulus, in the case of 
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receptor/G-protein pairs. A second implication of agonist 
Peking of receptor stimulus relates to the potenhal 
for more selective agonists. It is possible that some ago- 
nists produce therapeutic and toxic effects by activation 
of many G-proteins and that the toxic effects could be 
reduced by eliminating some of these activations (Gettys 

et al., 1994). f 
2 Ligands with protean efficacy. The production of 
response from a 7TM receptor system consists of two 
theoretical steps, namely the activation of the receptor 
(production 0 f activated receptor) and the subsequent 
coupling of that receptor to the G-protein. In theoretical 
terms, there is no reason to suppose that all ligands wul 
produce the same effects on receptor activation and re- 
ceptor/G-protein coupling. In terms of the cubic ternary 
complex model, the relative magnitudes of the thermo- 
dynamic multipliers a and y may differ. This could occur 
if the ligand froze the receptor into a unique conforma- 
tion that had different activating characteristics from 
the natural spontaneous active conformation. If this 
were to occur, then the receptor would take on new 
coupling characteristics with respect to coupling to G- 
proteins. Under these circumstances, a potentially very 
interesting experimental condition could exist, because 
the observed effects of the system would be because of 
the summation of the spontaneously activated and cou- 
pled receptor and the agonist-activated G-protein cou- 
pled receptor. Unless the two species were identical in 
terms of their catalytic properties, differences between 
constitutive activity and agonist-induced activity should 
be seen. Therefore, depending upon the set point of the 
receptor system, these compounds may function as pos- 
itive agonists or inverse agonists, i.e., their efficacy 
would be protean (Kenakin, 1995c, 1996a). Specifically, 
the inverse agonism would be observed when the system 
was predisposed to constitutive activity, and positive 
agonists when the constitutive activity was low and the 
response emanates from agonist activation. 

Such^L ligand may have unique characteristics which, 
if detected, could in fact offer indirect evidence of a 
unique agonist-selective active receptor conformation. 
This type of behavior is modeled in figure 11A. Such 
simulations suggest that the change from positive to 
negative efficacy (it should be noted that efficacy is used 
to describe the combined effect of ligand and receptor as 
defined by Stephenson (1956) and does not describe the 
ligand constant intrinsic efficacy) can occur with differ- 
ences in recetor/G-protein stoichiometric ratios or differ- 
ences in (as in fig. 11A). This latter factor may be 
effected by changes in ionic environment (Na* effect). 
Another possibility would be changes in Kg that may be 
approximated by changes in the coupling of the G-pro- 
tein with activated receptor, which in turn may be ef- 
fected by GTP availability- Therefore, there may be dif- 
ferences in observed agonist profile in the presence and 
absence of GTP (fig. 11B). 




Fig 11. Protean efficacy. Simulation* for a ligand that creates a 
unique receptor active state which promotes response but is less 
efficacious than the natural activated state. Ordinates: Basal and 
Ugand-induced response as measured by the quantity of spontane- 
ously coupled receptor [R»G] plus the ternary species [ARaGL Data 
for the observed effects of the ligand in a range of systems. X-axis; 
Logarithms of molar concentration of ligand. (A) Effect of spontane- 
ous receptor activation (Y-axis « logarithm of Log K« t ). Under 
conditions of very low to undetectable spontaneous receptor activa- 
tion, the ligand is a positive partial agonist. As the amount of highly 
active spontaneous species (CRaGl) increases (increasing K_*), for- 
mation of the less efficacious agonist species blocks constitutive 
activity, and the ligand is an inverse agonist. Systems parameters: /3 
= 10, Kq = 0.1, [R] ^ [Gl » 100. ligand parameters: a = 100. y = 
0.03,6 = 1. B. Effects of cancellation of the accumulation of ternary 
complex (i.e., simulated effects of GTP). Y-axis: logarithm of magni- 
tude of ICq. Systems parameters: p - 10, (RJ = [G] = 100. Ligand 
parameters-, <* = 300, y = 0.01, 5-1. 



In this type of situation, the agonist could be consid- 
ered an allosteric effector of the receptor with respect to 
its coupling to the G-protein. Allosteric effectors for the 
binding of other Ugands such as -y-aminobutyric acid, 
muscarinic agonists, dopamine and adenosine have been 
described (i.e., see Birdsall et al., 1995). This idea could 
be extended to allosteric modification of receptors to- 
ward G-proteins to describe changes in the conditional 
constant y in the cubic ternary complex model for ago- 
nism. There is experimental evidence that this occurs for 
the adenosine receptor allosteric effector PD 81,723. 
Specifically, this ligand can be shown to potentiate aden- 
osine agonism by stabilizing receptor/G-protein interac- 
tion (Kolias-Baker et al., 1994; Bhattacharya and lin- 
den, 1995). 

There are compounds that appear to have complex 
actions on receptors, being positive agonists in some 
systems and inverse agonists in others. For example, 
dichloroisoproterenol is a well known ^-adrenergic re- 
ceptor partial agonist (i.e., 6ee Fleming and Hawkins, 
1960); however, in membranes from S£9 cells overex- 
pressed with 0 2 -adrenergic receptors, dichloroisoproter- 
enol produced inverse agonism (Chidiac et al., 1994). It 
is premature to postulate that protean ligands ore true 
pharmacological entities, but if they are found to be so, 
they may offer a window into agonist-activated receptor 
states. 

3. The molecular nature of efficacy. Efficacy is a mo- 
lecular property that, under ideal conditions, can be 
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A. System-Dependent Observed Affinity 

The ideal situation is to characterize receptors with 
neutral antagonists. If a ligand possesses efficacy .then 
its potency may be system-dependent as opposed to only 
receptor-dependent. This is because the components of 
the system (i.e., receptor level, G- protein composition, 
level of receptor activation) will affect the ligand recep- 
tor binding distribution (i.e., see equation 6). In practiced 
terms, it may be important to detect system-dependent 
drug activity. This is because, although drugs theoreti- 
cally are screened from the most simple and stable sys- 
tems available, they eventually are used in the most 
complex of systems imaginable, namely the human body 
under pathological control. Drug discovery screens are 
designed for robustness and consistency and often will 
not detect low levels of positive or negative efficacy. 
However, the resulting discovered compounds are then 
used under in vivo conditions in which they encounter a 
spectrum of organs containing different densities of re- 
ceptor, varying efficiencies of receptor coupling, possibly 
constitutive receptor foci, and different levels of endog- 
enous agonist tone. In addition, the different membrane 
milieu for the receptors may contain different mixtures 
of G-proteins in varying ratios reacting to external hor- 
monal input that possibly would interact (i.e., modulate 
or potentiate) the receptor signal. For these reasons, it is 
important to detect system dependence of ligand po- 
tency. If such effects are not detected, then the observed 
potency of a ligand will be assumed to reflect the chem- 
ical binding constant, and all differences in potency will 
be assumed to reflect differences in receptors. This could 
be dissimulating when receptors are expressed in vari- 
ous host systems, i.e., the potential for artifacts, because 
of systems effects increases. Moreover, the lack of rec- 
ognition of system-dependent potency could lead to un- 
expected differences in activity between screening sys- 
tems and therapeutic applications in humans. 

One way to detect possible system dependence (i.e., 
efficacy of a ligand) is to measure the variation of re- 
peated estimates of potency. For a true neutral antago- 
nist, the only error associated with measurement would 
be random measurement error at a given level. If, how- 
ever, systems effects bias the magnitude of the observed 
potency, then an added measure of error (that associated 
with changing relative quantities of components) might 
be expected in the observed measurement of ligand ac- 
tivity. Figure ISA shows the observed potency of a li- 
gand with positive efficacy in 2000 simulated cell lines, 
i.e., computer-generated random combinations of [RL 
IG], and K.^ for a given receptor/G-protein pair (Ko 
constant) for a ligand with a constant molecular efficacy 
(a = 100, v = 1, 5 = 1). As can be seen from this 
simulation, the observed potency is never less than the 
equilibrium dissociation constant of the ligand-receptor 
complex for the inactive receptor (K A ) but often is in- 
creased by G-protoin coupling, as is commonly observed 
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Fig 13 Simulations of observed affinity for ligands with positive 
or negative efficacy in 2000 hypothetical cell lines. (A) Observed 
affinity (as calculated with equation 5) for a positive agonist (a <= 
100 y«l,8=l>ina system with varying [R\ [G] and K^. It was 
assumed that the activated receptor/G-protein coupling is favorable 
<0Ko - 10). (A) Ordinate*: Log fK^/KJ. Abscissae: Computer sim- 
ulation number, also a unique randomized configuration of levels of 
[R] [G) and which might correspond to host cell type. (B) Data 
shown in A grouped as a function of log K^. (C) Same analysis as in 
A but for an inverse agonist (a = 0.01, Y = 1, « = W- <D) Data grouped 
as a function of log K.^. 

with agonists. Figure 13B shows the correlation of the 
observed potency with the working constant for receptor 
activation (i.e., K^). 

An identical analysis was done for an inverse agonist 
of a = 0.01, y = 1, 5 = 1 (fig. 13C and D) f where it can be 
seen that the observed potency is decreased by receptor/ 
G-protein coupling effects. However, the observed po- 
tency is never above K A . These simulations show the 
expected variation of observed potency of ligands with 
efficacy (either positive or negative). What should be 
stressed is that the estimations in each particular cell 
system are correct for that particular milieu of receptor 
and G-protein. Moreover, it can be shown that the mag- 
nitude of the efficacy is directly proportional to the vari- 
ation in observed potency (i.e., weak agonists will vary 
less than strong agonists). This can readily be inferred 
from equation 6 and the placement of ligand constants a, 
y t and 5. Therefore, one practical test of system depen- 
dence is the presence of an inordinately high error for 
the mean measurement of affinity. If the measured af- 
finity of a given ligand is found to be variable with 
repeated testing (Le. f in a series of transient expression 
systems or on the receptor when it is expressed in dif- 
ferent cellular hosts), then this might imply that the 
ligand possesses efficacy that causes different interac- 
tions of the receptor with G-proteins in different sys- 
tems. 

B. The Manipulation of Receptor Systems 

Just as it is possible to experimentally manipulate 
some aspects of signal strength from natural receptors 
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should have the advantage that a single proton s ex- 
pressed; therefore, a subtle presence of a mixture of 
receptor subtypes will not complicate the analysis. Un- 
der these circumstances, a monophasic saturation curve 
representing ligand binding to a single W^on of 
receptors is expected (in the absence of ligand efficacy). 
However, the transfection of cells with genomic receptor 
clones may not always lead to the expression of pure 
populations of receptors. For example, a genomic clone 
for the bradykinin receptor isolated from a mouse cos- 
mid library leads to the expression of an apparently 
mixed population of B x (30%) and B 2 (70%) 
receptors in COS-7 cells (Mclntyre et aL, 1993). While 
this appears not to be due to RNA splicing, it is not clear 
whether the mixed population is the result of incomplete 
post-translational modification or RNA editing. An al- 
ternative possibility would be the promiscuous coupling 
of the expressed receptor with different G-proteins. 

This raises a practical point in receptor classification, 
namely the differentiation between heterogeneous re- 
ceptors, receptor binding states (with G-proteins) and 
heterogeneous binding sites on the same receptor mole- 
cule. The technique of site-directed mutagenesis has 
opened a new era for the study of structure-activity 
relationships. Thus, the effects of genetically induced 
single-point mutations in receptors on the affinity of 
different ligands can be used to delineate separate loci of 
binding of different molecules on the same receptor. 
Notable examples of this approach are the different 
binding sites for peptides and nonpeptides on peptide 
receptors (i.e., see Perlman et aL, 1995; Gethcr et al. f 
1993, 1994, 1995; Xue et aL, 1994; Schwartz, 1994). An 
important tool in this endeavor is the saturation binding 
curve of different ligands because, in theory, these allow 
the ability to count binding sites as well as determine 
affinity. Therefore, a simple test for the assumption of 
different binding loci on the same receptor is the crite- 
rion that the number of sites for both selective ligands be 
the same (fig. 14A). Failure to demonstrate this leads to 
conclusions of different ligand-induced receptor confor- 




Fio. 14. Two potenUal viewe of selective agonist activation of 
7TM rcccptore. (A) Two ligands bind to two separate allotypic sites 
on the receptor. (B) The receptor can form two separata complexes 
with two different G -proteins. The agonists differentially direct the 
receptor toward each G-protcin, respectively. 



mations interacting with different G-proteins to produce 
different binding species in the membrane (fig. 14B). 
Especially in expression systems in which the stoichi- 
ometry of receptor to G-proteins may encourage promis- 
cuous receptor coupling, the potential for multiple ago- 
nist activated ternary complexes with different 
G-proteins should be considered. If these agonist-selec- 
tive species are formed, then separate structure-activity 
relationships could be observed for them, i.e., agonist 
selective functional antagonism, or binding affinities, 
could be observed. This possibUity should be eliminated 
before consideration of specific receptor regions for bind- 
ing. 

The saturation maximal asymptote for radioligand 
binding can be useful to differentiate selective sites from 
selective confirmational species. However, care must be 
taken in the use of values because of their inherent 
inaccuracy (Motz, 1982; Kiotz and Hunston, 1984). Usu- 
ally, the maximal , asymptote of a saturation binding 
curve is difficult to define with real data, and the shape 
of the saturation curve is used to estimate its value. 
However, in the case of agonists being tested in a possi- 
bly overexpressed receptor systems, high affinity bind- 
ing measures the G-protein coupled receptor and the 
B mw value depends upon the ratio of receptor to G- 
protein available for coupling. In highly expressed sys- 
tems, the receptor densities may outstrip the G-protein 
coupling capability, leading to a relatively small popu- 
lation of high affinity binding sites when compared with 
total receptor binding. Under these circumstances, the 
magnitude of the ratios between the high and low affin- 
ity binding sites could greatly affect the estimated B max 
by saturation analysis. For example, figure 15A shows 
the saturation binding curve for a hypothetical agonist 
with efficacy values a = 10, y = 1000, 8 = 1 in a system 
of limited G-protein ([KWG] = 3.3). The delineation be- 
tween the apparent high and low affinity sites for this 
agonist are clear, and the B maJt estimate from data 
points is relatively immune to the size of the dataset. 
Figure 15A also shows the saturation curve for another 
agonist with a less clear delineation between the appar- 
ent high and low affinity sites (a = 100, y = 100, 8 = 1). 
For this agonist, the estimated B max value depends very 
much on the size of the dataset in that, the higher the 
concentrations of radioligand that are used, the further 
up the secondary phase of the curve goes the binding 
(see fig. 15C). This is not a relevant issue for the agonist 
with the more clearly delineated biphasic binding (fig. 
15B); however, the dependence of the size of the dataset 
for the two agonists can cause an increase in the appar- 
ent (fig. 15D). It can be seen from these simulations 
that complex saturation curves should be analyzed care- 
fully before conclusions regarding the relative size of 
receptor populations are made. The conclusion drawn 
from different B^ values is far reaching in an expres- 
sion system because it implies the production of either 
two different expressed species, or that the receptor is 
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[AVK A 



[A-R] 

IrT " [AVKa + [B]/Kb 



+ 1 



[71 



in which the concentration of the l.gand being blocked 
(i c radioligand in binding studies) .s denoted by A, the 
e^uilArium dissociation constant of the complex be- 
tween A and the receptor denoted K A the blocking h- 
Sna denoted B. and the equilibrium dissociation con- 
S£S the -p™ - -cW^and 

ShUd 1959; vide infra) and the models for calculating 
Equilibrium dissociation constants for ^^nd/rccep- 
tor complexes in binding studies (denoted Kj). Rear 
£n£ment of equation 7 can give a very useful, expen- 
mSy accessible- relationship between the 
ration of radioligand and ^——^ 
nonradioactive ligana required to block it Tbus^ it e 
be shown that the concentration of ugand that reduces 
be enown m ~rw.«mtration of radioligand by 



ta to. of the ^<^S3K£S3E 



availability of u-prowm m o trans- 

For example, as discussed earlier, in COS cells ira 



+ 1 



[8] 



• k denotes the equilibrium dissociation con- 

duration binding studies. The "^d 
fcrrcd to as thc Cheng-Prusoff relationship (Cheng ana 
Ssoff 1973). The important point to note about tins 
elation is that thc relationship between the IC* and 
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, • <■ • hf n„. There- shown that different agonists produce different patterns 

This then becomes a very simple teat for receptor and/or r<jceptor claa3ificatio n relied completely on func- 

binding-site heterogeneity along various wp««^fl« tional experimentation, and a great deal ofpharmacol- 

saturation biading curve. If the relationship between ^ concerned ^ the cancellation of tissue effects 

radioligand concentration and IC*, is not linear this £ through ^ nu]J mctil od). The introduction of 

would imply that something other than, or in addition ^ binding technologies has added another dimen- 

to binding to a single static population of sites was ^ ^ receptor pharmacology, and new insights into 

occurring. _. ..... . drug-receptor interaction were obtained. Now, the avail- 

3 Binding and receptor biochemistry. The ability to ^ rf ngw technologies an d the advancement of bio- 
label and track receptor protein has led to many tech- chemkal techniques for receptor study have, expanded 
niques for the study of receptor structure, state ana, ^ realm of receptor research back into functional re- 
relevant to the discussion of receptor classification, cou- experiments beyond isolated tissues. It is now 
pling to G-protein. For examples, receptors can be solu- by a varie ty of mechanisms, to study agonist 
bilized and immunoprecipitated with antisera tor U- eQ . ' in mem brane receptor preparations and in cell 
proteins (i.e., Law et al., 1991; Chatterjee et al., UKM; ^ ^ infra) This ^ considerable theo- 
Gurdal et aL. 1995) or receptors i (Matesic et al., 1989, advantages of functional systems to be exploited. 
1991). Similarly, antisera directed the C-tenninal region ^ rf adyantages (and disadvantages) are com- 
of G-proteins have been used to disrupt agonist activa- methods of functional experimentation, 
tion of receptors and/or high affinity bin ^. (M . c ^^ Before these are discussed specifically, there are sev- 
and MiUigan, 1990; Milhgan et al., 1995b) Antisera ^mptions that should be considered when 
directed to the N-terminal end of G-protems have been rece J tore and hoat ^lls are assembled for 
used to co-immunopr^pitete receptors with G?"*"™ The focfc that ^ signal tr ans- 
(Okuma and Reisine, 1992; Law et al 1991) The cross- appar / tus m ay exist in the membrane of some 
linking of receptor proteins to G-proteins also has en- J uc ° on f p en / ure that the biochemic al mecha- 
abled the study of receptor/G-protem interaction (i.e., for^» n8formin 8 the 6timuluS to * 
Kermode et al 1992). Another ^^ p ^ J™ tre present as well. For example, whereas traus- 

analogue azidoanihdidot* P]GTP) into various u pro SK-N-MC, or CCL1.3 cells produces high at- 

tain! (Prather et at., 1994; Palmer et al 1995). A novel CHO Kl.SKN P ^ ^ ^ 

■^to-^^^^^^^^SSi Ks mdSing G- P rotein coupling), no effects on 
stimulated receptors is the observation of the half-time togjja. .^^Stion inositol phosphate production or 
fordegrac^tionofG-proteinmthepresenajandabsence ^^^S^mM Served with dopamine 

1992; Luthinet al., 1993). messenger automatically wUl make the intracellular 

that PTX preferentiaUy crtgj^^ £ SSp pSce a traXation of transfected progester- 
the G-protem heterotnmer (MilUgan 1987). ™f>J€* ^^Ltors from the cytoplasm to the nucleus, isopro- 

*^2£^eT££ teirwaTnoTable to^uce this same effect (Power 

Uve t will be diminished {Brass et bl. wooa iu w»l « , , f ^ systems for the produc- 

St "^eS'^Sh^Si wa, to detect .U*. »n«l nitric .rid* '^^.^A."^' 
2oiM Sffickfog of receptor «im»lu> If it could b. d.„ed tat. the cpre^oo netor (Slushcr et al-. 1*X> 
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Reporter assays can be radioactive or nonradioactive. 
The firefly luciferase reporter system uses a bioluraines- 
cence reaction catalyzed by luciferase and lucifenn. The 
intensity of the light observed is an indirect estimate of 
the efficiency of transcription of the luciferase gene. This 
can be particularly useful if a reporter cell line is estab- 
lished into which receptors could be transfected. For 
example, a reporter cell line containing the reporter 
Pkotinus pyralis luciferase gene (De Wet et al., 1987) 
under the transcriptional control of either a regulatory 
sequence responsive to cAMP (Himmler et al., 1993) or 
IP 3 /diacyiglycerol (Weyer et al, 1993) has been devel- 
oped and used to study the function of transfected 5-HT 2 
receptors (Weyer et al., 1993), NK1, NK2, NK3 receptors 
(Weyer et al., 1993; Stratowa et al., 1995), dopamine D! 
and D 5 receptors (Himmler et al., 1993), and muscarinic 
ml and m4 receptors (Migeon and Nathanson, 1994). 

Another nonradioactive reporter assay uses 0-galac- 
tosidase (coded from the E. coli lac Z gene fused to a 
cAMP responsive element); the level of this reporter is 
assayed colorimetrically or fluorometrically from photo- 
active substrates. This method has been used to assay 
the function of receptors linked to G 6 and G q (Chen et al., 
1995). Similarly, a 1B -adrenergic, m4 muscarinic, NK1 
neurokinin and trkA neutrotrophin receptors trans- 
fected into NIH 3T3 cells yielded functional responses 
with this reporter (Messier et al., 1995). Some reporter 
assays use radioisotopes as in the chloramphenicol 
acetyltransferase assay. In this method, radioactive 
chloramphenicol is incubated with cells for a period of 
time after which the acetylated and nonacetyiated forms 
of the substrate are measured. This approach has been 
used to study a 2 -adrenergic receptor function in JEG-3 
cells (Pepperl and Regan, 1993). A similar radioactive 
reporter assay uses human growth hormone (Sclden et 
al., 1986). 

Some reporter assays use secreted products and thus 
can be used for real-time assays. For example, a gene 
that encodes a truncated secreted human placental al- 
kaline phosphatase (SPAP) can be used for colorimetric 
or bioluminescent assays (Berger et aL, 1988). The levels 
of the secreted SPAP are directly proportional to SPAP 
mRNA and protein (Cullen and Malim, 1992). The se- 
cretion aspect of this assay is advantageous in that the 
cells are not disturbed during the assay; therefore, re- 
sults can be obtained in real time, the background signal 
is nearly absent and the assays can be automated. 

Reporter assays also have been developed for in vivo 
use. Under these conditions, reporter proteins can be 
encoded in transfected reporter genes and the cells made 
to express them in situ. Thus, green fluoresent protein 
(Chalfie et al., 1994) can be expressed in cells and used 
to monitor gene expression. The availability of luciferase 
substrates capable of crossing the cell membrane (i.e., 
caged luciforin) theoretically allows the use of the lucif- 
erase reporter assay in real time (Bronstcin et al., 1994; 
Yang and Tho mason, 1993). 



As well as reporter genes for the measurement of 
cellular response, reporter proteins have been used. 
These molecules directly signal the level of cytosolic 
messengers such as Ca 2 * (i.e., aequorin, Fura dyes) or 
other ions (Tsien, 1989). These can be introduced into 
the cells (i.e., microinjection of aequorin into oocytes, 
Giladi and Spindel, 1991) or co-expressed in the cell. The 
use of green fluorescent protein may be extremely ver- 
satile. This bioluminescent protein, when excited with 
light at 396 nm, will emit light at 508 nm. No prepara- 
tion is required in that the cells need only to be illumi- 
nated with light and the resulting luminescence mea- 
sured. The level of luminescence is directly proportional 
to the level of green fluorescent protein; thus, it can be 
used as a reporter for any inducible promoter (i.e., cAMP 
or diacylglycerol reporter genes). 

There also are functional assays recording more com- 
plex responses from cells. For example, the measure- 
ment of cellular metabolism by microphysiometry allows 
a broad range of cellular responses to be measured. The 
concept relates to the fact that the rate of cellular me- 
tabolism is directly linked to the hydrogen ion extrusion 
by the cell, and this can be measured as the pH in the 
medium surrounding the cell. This is an extremely valu- 
able technique because it can be used for virtually any 
cell type that can be sustained in culture (McConnell et 
al., 1992; Hafeman et al., 1988). Figure 17A shows the 
effects of human calcitonin on type 2 human calcitonin 
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Fig. 17. Cytoseneor microphysiometer responses for HEK 293 
cells transfected with human calcitonin receptor type 2. (A) Cumu- 
lative dose-response curve for human calcitonin. Ordinatcs: percent- 
age increase of basal cellular hydrogen ion secretion. Abscissae: Time 
in min.a«= lOpM, b - 100 pen, c~ 1 nM, d = 10 nM human calcitonin, 
and e = 100 nM salmon calcitonin. (B) Schild analysis for human 
calcitonin responses. Responses in the absence (filled circles, n ^ 12) 
and presence of various concentrations of peptide calcitonin antago- 
nist ACS 12 (Watson ct al., 1995) 10 nM (circles, n - 12), 100 nM (filled 
squares, n - 14), and 300 nM (open triangles (n - 12). (C) Cytoseneor 
response to 1 nM human calcitonin in a high expression ITEK cell lino 
(28,000 fmol/mg protein receptors). (D) Cytoeenaor response to 1 nM 
human calcitonin in a low expression HEK ceU line (65 fmoVmg 
protein). 
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receptor coupled to G, at low levels and both G, and G. at 
STher evels. When these complex responses occur in 
Stressed systems, unless the time course for activat on 
of?he pleiotropic pathways is identical a corresponding 
complex temporal pattern of response will be obtained as 
well Thus, responses may vary both with concentration 
and time. The additional complication of temporal orga- 
nization of response makes the observance of response m 
real time essential. Responses may be temporally com- 
plex under these circumstances and, without visualiza- 
tion of the time course of response, steady states may be 
impossible to measure. Stop-time experiments with no 
knowledge of the kinetics of response clearly could be 
very dissimulating. 

One of the theoretical disadvantages of stop-time tech- 
niques such as reporter genes is the fact that the kinet- 
ics of response production and the reporting of that 
response production may affect the magnitude of the 
response. Specifically, the time course of a typical first- 
order response is given by: 



[9] 



in which p„ is the response at equilibrium, IA] is the 
concentration of agonist, K A is the equilibrium dissoci- 
ation constant of the agonist-receptor complex, and k is 
the rate of onset. For stop-time reporter assays, the 
reaction is allowed to progress for a specified amount of 
time, and then it is stopped. The amount of product 
formed (which corresponds to the area under the curve 
describing Pt asa function of time), "f^P 0 .^* J* 6 
magnitude of the receptor stimulus (i.e., cAMP). The 
area under the first order rate of onset curve is given by 
the integral of equation 9 (Kenakin, 1993b): 
e -ktfAyK A +i)t i 



tiphase dose-response curves. Similarly, the study of 
constitutive receptor activity with stop-fame assays 
must show that constitutive activity is still actively 
present at the time of exposure to inverse agonist Be- 
cause stop time assays measure a historical response (as 
in the case of the luciferase reporter gene assay), it may 
be that the observed response was a burst of constitutive 
activity that had desensitized back to zero by the time 
the inverse agonist was added. Under these circum- 
etances, no inverse agonism would be seen. Similarly, it 
the cell line is very constitutively active, then the dimi- 
nution in reaction product produced by a short exposure 
time to inverse agonist may be insigniGcantly small 
when compared with the historical reporter response 
produced by the assay before addition of drug. 

2. Quantitative techniques for functional classifica- 
tion. The functional classification of drugs and receptors 
is achieved by the measurement of equilibrium dissoci- 
ation constants of agonists and antagonists at receptors. 
There are theoretical and practical reasons to be cau- 
tious about considering classification of receptors with 

agonists. . 

One of the most common measures is the relative 
potency of agonists, because this is thought to reflect 
their affinity and efficacy, both chemical terms unique to 
the drug and the receptor. However, efficacy is a term 
specifically related to the agonist, receptor and G-pro- 
tein (i.e., the y and S terms in the cubic ternary complex 
model); therefore, if receptors couple to different G-pro- 
teins in different cellular hosts, then the efficacy of the 
agonists will differ as weU (Kenakin, 1989; fig. 19). 

Another common means of classification with agonists 
is the measurement of agonist affinity by receptor alky- 



R t = R « t + k([AyK A +l) kttAVKA+l) 



[10] 



analysis wtth antagonists = 3 receptor types 



If the relative amount of product formed by two drugs of 
radically different rates of onset are measured in this 
manner, it is possible that the agonist of slower onset 
may appear to bo of artificially low potency if the reac- 
tion is stopped too quickly. This suggests that longer 
time points for reporter assays done in stop-time format 
may reduce artifacts attributable to kinetics. 

The issue of real time versus stop time becomes im- 
portant when agonists produce complex transient re- 
sponses. Whereas waveforms can be visualized in real 
time and appropriate decisions made as to where re- 
sponse will be measured, no such luxury always is af- 
forded to stop-time experiments. In these, the reaction 
between agonist and receptor is terminated at some 
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analysis wtth agonists = 9 receptor types 

FIG. 19. Schematic diagram of three receptors interacting with 
three G-protelns. Analysis with antagonists would delineate three 
receptors, whereas analyeis with agonists could define aa many as 
nine 'receptor types.' From Kenakin (1989). 
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. . fh„ G-orotein coupled and ^J^ QQnn M summated antagonism «a resu iting pK B esti- 

tribution of ^^^Znst with the secondary prop- 

erties is present ^f h °^ el the null condi- 

the secondary P^P^. 1 ^ gchild regressions for the 
tions of the "P^^S^ce and^resence of var- 
rcference antagonist in the P ^ 

ious concentrations of test ^^wLwtona can be 
«- S^mlSoTconstant of the 

and Morse. 1987; Kenakin and Beek, 19S/D, rve 
and BoseUi, 1989) 

jX. Mutation of 7TM Receptors 

There is increasing evidence that within the field of 
There is mere-*" & su bpooulation of poten- 

7TM receptor research easts a suppu^ r 

useful drug targets, namely ™ 
There is also evidence to suggest that the 
receptors- Thcre £T ^-^vs ma y be a special confor- 
■^^^VJ^^JoM amino acid se- 
matl0 n ^^^^ 

r^^SnSS studies suggest that many 
ltZ ^mSitertrTTM receptors are spontaneously 

<TAneral is relevant 



(Black and Shankley, w^ "» deoeIvds upon the de- 
Because the augmenUtion ^^JpJJ up0 n the 
^ 0 f ** tribut ^^ and G-proteins, 

teSe on the resulting esti-tes of gg^ ^ 

cal terms with which drugs affin - 
sified. For functional ^f'^^toBt powerful 
ity values by Schild analysis* byfar J^chmque is 
raethod to do this ^^^JSi but also can 
m0 st widely used in biochemical studies, 

be applied ^^J^Son constant of the an- 

T^SSST^^ to the equiactive do~ 
tagomst (Kb) s&ouiq b ' ^ th presenC e and 

ratio of the agoiust <f £XTelationship (Arunlaks- 
absence of antagonist) by the rclationsnip 

hana and Schild, 1959): 



log(dr-l)=log[B]-logK B 



[11] 



Thus various dose-ratios (dr) are plotted as a regres- 
si on »-l) upon the ^Z^^ 
centrations of antagonist to yield a ^straxgnt ^ 

lation. These stringent «£™?*£^fain ideal 
themselves as deviation of Sdul IjJPJJJJ^ steady 
behavior can be used to ^^^^ 1972), 
states such as -"^g^^S "bc*. 1W* 
antagonist degradation^*^ 1980) and the pres- 
temporal inequihbnum (Furchgott, 
ence of he^geneous J^g***^^ 
1972; Kenakin. l98 h 2 ' J^^^fui operationally, as 



«i Dc Vivo and Maayani, lytW- 



review by Spiegel ex. ai-, iW J _- f i thGse findings is 
cell transformation. In ^.^^^STan 
the fact that receptor genetic material can tuncno 
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TABLE 11 
7TM Receptor mutanis in disease 



Color blindness 

Night blindness 

Retinal degeneration 

Familial male precocious puberty 

Familial glucocorticoid deficiency 

Thyroid adenoma 

Nephrogenic diabetes insipidus 

Neonatal hyperparathyroidism 

Hypocalcemia 

Genetic obesity 

Multigcnic Hirechep rung's disease 
J an sen-type metaphyseal 

chondrodysplasia 
Nocturnal asthma 
Schizophrenia 



Nathans ct al.. 1989 
Dryja ct al.. 1993 
Robinson et al., 1992 
Shenker et al.. 1993 
Clarke et sl. t 1993 
Parma et al., 1993 
Roeenthal etal., 1993 
Pollak et aL, 1993 
Pollack et al., 1994 
LaNouc and Martin, 1994 
PufTenbcrger et al., 1994 
Schipani et al.. 1995 

Turki et al.. 1995 
Van Tol et al., 1992 



agonist-dependent pro-oncogene (Julius et al., 1989; 
Gutkind et al., 1991; Allen et al., 1991). For example, 
transfection of functional 5-HT lc receptors into NIH 
3T3 cells leads to cell transformation, and injection of 
the transformed loci into nude mice leads to generation 
of tumors (Julius et al., 1989). Similarly, fibroblasts 
transfected with a 1B -adrenergic receptors have been 
shown to be tumorogenic when injected into nude mice 
(Kim et al., 1994). Agonist independent proto -oncogene 
activity has been observed with transfection of mutant 
^-adrenergic receptors (Allen et al., 1991). 

Receptor mutation may play a larger role in the pa- 
thology of disease states than thought previously 
(Pearce and Trump, 1995). Molecular biology techniques 
such as Mutational analysis' now are being used to link 
sequence variations in genes to pathological conditions 
(Gejman and Gelernter, 1993). For example, there is 
considerable evidence of polymorphism in human dopa- 
mine receptors (Inoue et al M 1993). A link in receptor 
mutation and disease has been proposed for the dopa- 
mine receptor in view of the observed functional poly- 
morphism witliin the dopamine D 4 receptor gene (Van 
Tol et al., 1992) and D 3 receptor gene (Nimgaonkar et 
al., 1993). Significant polymorphic variation in the hu- 
man population has been detected for dopamine D 4 re- 
ceptors; this variation may be related to responsiveness 
to antipsychotic treatment (Van Tol et aL, 1992). Simi- 
larly, George et al. (1993) found that the dopamine D 4 
receptor genotype in 72 patients with chronic alcoholism 
was heterogeneous, with individuals being homozygous 
and others heterozygous for the various D 4 receptor 
alleles. Mutations of dopamine D 4 receptors also appear 
to be relevant to patients with psychosis, in whom it was 
found that variation of the gene encoding this receptor 
conferred susceptibility to delusional disorders (Cata- 
lano et aL, 1993). Although evidence that some central 
nervous system diseases may be related to such poly- 
morphism (i.e., psychosis, Catalano et aL, 1993; alcohol- 
ism, George et aL, 1993), there is still debate as to the 
relevance of this finding to diseases such as schizophre- 
nia (Catalano et aL, 1993; Barr et al., 1993). 



An interesting polymorphic loci within the coding of 
r ho a -adrenergic receptor has been discovered that pro- 
receptors (Green et al., 1994). One of these 
(GLY16) demonstrates accelerated receptor down-regu- 
lation and is overrepresented in patients with nocturnal 
asthma, suggesting a possible correlation and mutant 
receptor drug target (Turki ct al., 1995). 

X- Conclusions 

This review cites many papers describing the effects of 
drugs on 7TM receptors that have been expressed in 
surrogate cell systems. In many of these papers, the 
receptor antagonist profiles are uniform, high affinity 
agonist binding is observed, and a functional readout for 
receptor-mediated response can be obtained. There are 
also instances in which abnormal stoichiometry and/or 
the presence or absence of an essential component of the 
receptor system produces an aberrant behavior that 
does not reflect therapeutically relevant drug activity. It 
may be that the expression of 7TM receptors into foreign 
cells may not always faithfully reflect wild type receptor 
activity because of the intrinsic organization of cell sys- 
tems (Neer, 1995). Cells may have optimal ratios of 
receptors and G-proteins to function (Moghc and Tran- 
quillo, 1995), and the disturbance of these ratios may 
introduce confounding variables into experiments aimed 
at measuring drug activity. What is clear is thai molec- 
ular biology has spawned a renaissance in receptor re- 
search, because now these systems can be manipulated 
in ways never before possible. The use of these new 
technologies no doubt will aid both in the understanding 
of drug-rcccptor mechanisms and the finding of new 
drug entities. 
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SUMMARY 

P„ Durineraic receptors previously have been shown to couple 
eHherto activation of phosphofipase C through a pertussis toxm- 
fSSe^echanism or to inhibition of adenylyl cyc^e through 
JertXsis toxir^ensitive members of the Gt family of G protons. 
These and other pharmacological dfa rtrony suggest that 
multiple Pjy purinergic receptors exist. Webb et al. \FEBS Lett. 
324-219-225 (1993)] cloned a cDNA that, when expressed m 
froq oocytes, displayed the general pharmacological character- 
istics of a Psv purinergic receptor but whose second messenger 
linkage was not resolved. We have now cloned the meleagnd 
(turkey) homologue of the previously cloned chick punnergic 
emptor and h£e stably expressed it in a l*"*?"^ 
cell line (1321 N1 astrocytoma cells) to establish figging 
properties. The purinergic receptor agon.st 2^eti^th^ATP 
(2MeSATP) stimulated a marked activation of ptosphohpase C 
ki 1321N1 cells stably expressing the ^^J^^™* 
order of potency of a series of analogues of ATP and ADP for 



stimulation of phospholipase C by the receptor expressed in 
1321N1 cells [2MeSATP = 2-methylthio-ADP > adenosine 5 - 
O^-thtoWiphosphate > ADP > 2-chloro-ATP «= adenosine 5 - 
0^3-thto)triphosphate a ATP > adenylyl-imidodiphosphate > 
UTP] was similar to that observed for Pzy purinergic receptors in 
turkey erythrocytes and many other tissues and was markedly 
different from those of the Pa, and P» purinergic receptor 
subtypes. Stimulation of inositol lipid hydrolysis by P w purmergic 
agonists was not affected by preincubation of cells with pertussis 
toxin In contrast to its marked effects on phospholipase C 
activity 2MeSATP caused only a small and variable inhibition of 
cAMP accumulation. Ribonuclease protection analysis of turkey 
tissues showed that this Pay purinergic receptor is most highly 
expressed in blood and brain. Taken together, these results 
indicate that a phospholipaseOactivatingl P„ punnergic recep- 
tor has been cloned and stably expressed in 1321N1 astrocy- 
toma cells. 



Extracellular adenine nucleotides interact with cell surface 
receptors to produce a broad range of physiological responses, 
and multiple receptors that recognize ATP. ADP, and synthetic 
analogues of these nucleotides have been described (1). 1 hese 
include the P« and P« purinergic receptors, which onginaJly 
were delineated in studies on smooth muscle responses, the Y„ 
purinergic receptor, which is an ADP-activated receptor on 
thrombocytes; the P« purinergic receptor, which serves a non- 
selective pore-forming function, and the P,u purinergic recep- 
tor, which is widely distributed on a variety of cell types. 

Delineation of P, purinergic receptors has depended almost 
entirely on differential selectivities of analogues of ATP and 
ADP 2MeSATP is a potent P« purinergic receptor agonist, 
but it is not an effective agonist at P« and other purinergic 
receptors (2). There is strong evidence that multiple subtypes 
exist within several, if not alL of the classes of P, purinergic 
receptors. For example, responses to a broad range of adenine 
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nucleotide analogues have been compared in four tissues ex- 
pressing P« purinergic receptors and three tissues expressing 
P« purinergic receptors (3, 4). Many of these analogues showed 
selectivity or specificity for certain of the Pw or P« purmergic 
receptor responses, suggesting that subtypes of each of these 
Pt purinergic receptor types exist 

Subtypes of receptors within a given class often possess very 
different second messenger-coupling specificities; For example, 
M, muscarinic cholinergic and o r adrenergic receptors activate 
the mositolUpid signaling cascade through G,famuyG proteins 
and phospholipase C, whereas M, muscarinic cholinergic and 
^-adrenergic receptors couple through G, to inhibit adenylyl 
cyclase (5, 6). Similar contrasts can be seen for subtypes of 
many other G protein-linked receptors, e.g., receptors for se- 
rotonin, angiotensin, endothelin, and thromboxanes. When 
receptor density achieved in heterologous systems is compa- 
rable to receptor density in native tissues, selectivity in O 
protein/effector coupling is maintained with great fidelity for 
these receptor subtypes irrespective of the tissue in which they 



HEPES. 4<2-hydroxyethyf>-1 Hptpefaztrieemanesulfonic acid. 



are expressed. We have taken advantage of this property of G 
protein-linked receptors to provide evidence for the existence 
of at least two P 2Y purinergic receptor subtypes. 

The prototypical response to P 2V purinergic receptor activa- 
tion in various tissues is stimulation of inositol lipid hydrolysis 
(7-11). However, ATP and ADP also decrease cAMP levels in 
various tissues (12-15), and we recently reported that the 
pharmacological selectivity of a series of agonists for inhibition 
of adenylyl cyclase in C6 glioma cells is consistent with that of 
a P SY purinergic receptor (16). These effects on cAMP accu- 
mulation are blocked by pertussis toxin, which indicates that 
coupling is through a G protein of the Gi class. Activation of 
this P 2 y purinergic receptor on C6 glioma cells has no effect on 
inositol lipid hydrolysis or Ca 2+ mobilization. These results 
strongly support the idea that at least two P 2 y purinergic 
receptor subtypes exist, one that couples through G ; to inhibit 
adenylyl cyclase and another that activates phospholipase C 
through G proteins of the G q family. 

Unambiguous definition of receptor subtypes necessitates 
association of pharmacological and second messenger signaling 
properties with receptor proteins whose amino acid sequences 
have been deduced by molecular cloning. The sequences of only 
two P 2 purinergic receptors have been reported to date. A P 2 u 
purinergic receptor, which is activated by ATP, UTP, and 
ATP^S, was cloned (17), and Webb et aL (18) have reported 
the sequence of a receptor cloned from chick brain cDNA that 
when expressed in frog oocytes confers a slowly developing, 
ATP-stimulated, Ca 2+ -activated, inward current. Although lim- 
ited drug concentrations were tested, this receptor displayed 
the general pharmacological selectivity of a P 2Y purinergic 
receptor. Whether this receptor represents a G ; /adenylyl cy- 
clase-linked or a Gq/phospholipase C-linked receptor was not 
established, and therefore its relationship, if any, to the puta- 
tive subtypes of P 2Y purinergic receptors that have been iden- 
tified on the basis of second messenger coupling responses is 
not clear. Based on this uncertainty as well as the limitations 
of obtaining detailed pharmacological data in studies of recep- 
tors expressed in oocytes, we have cloned the meleagrid (turkey) 
homologue of the previously cloned chick P 2Y purinergic recep- 
tor and have stably expressed it in 1321N1 human astrocytoma 
cells. Activation of this receptor resulted in stimulation of 
phospholipase C through a pertussis toxin-insensitive pathway, 
and little or no effect on adenylyl cyclase was observed. Phar- 
macological analyses of the expressed receptor indicate that it 
displays drug selectivities that are remarkably similar to those 
previously observed for P 2Y purinergic receptors in a broad 
range of tissues. 

Experimental Procedures 

Materials. ATP, ADP, ADP0S, ATPyS, App(NH)p, and UTP were 
obtained from Boehringer Mannheim Biochemicals (Indianapolis, IN); 
2MeSATP, 2MeSADP, ajSMeATP, ^MeATP, and 2CIATP were 
obtained from Research Biochemicals Inc. (Natick, MA). pcDNA3 is 
an expression vector developed by Invitrogen (San Diego, CA). pBS 
SK" is a DNA plasmid vector from Stratagene (La Jolla, CA). G418 
sulfate, DMEM, and a-mimmum essential medium were obtained from 
GIBCO/BRL (Grand Island, NY). Fetal bovine serum was obtained 
from Hyclone Laboratories Inc. (Logan, UT). TCA was obtained from 
Fisher (Fair Lawn, NJ). l-Isobutyl-3-methylxan thine, LiCl, isoproter- 
enol, carbachol, and apyrase type IV (EC 3.6.1.5) were obtained from 
Sigma Chemical Co. (St Louis, MO). Forskolin [as the water-soluble 
analogue 70-<feacetyl-7WY-tf-inethylpiperaz^ was 
obtained from Calbiochem (La Jolla, CA). Pertussis toxin was ob- 
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tained from List Biological Laboratories Inc. (Campbell, CA). Restric- 
tion enzymes were obtained from Pharmacia LKB Biotechnology (Pis- 
cataway, NJ). The Sequenase 2.0 kit was obtained from United States 
Biochemical (Cleveland, OH). The RPAH kit was obtained from Am- 
bion Inc. (Austin, TX). 

Cloning of turkey brain receptor. Total RNA from turkey brain 
was isolated by a modification of the method of Chomczynski and 
Sacchi (19). Briefly, frozen turkey brain (1 g of tissue) was homogenized 
in guanidinium thiocyanate, 2-mercaptoethanol, 0.3 M sodium acetate, 
pH 5.2, and extracted with acid phenol. After addition of chloroform 
to separate the two phases, RNA was precipitated from the aqueous 
phase with 2 volumes of ethanol. Total RNA (1 Mg) was then reverse 
transcribed with dT l7 as a primer for Moloney murine leukemia virus 
reverse transcriptase, using the Perkin Elmer/Cetus GeneAmp RNA 
kit. Two oligonucleotide primers based on the chick brain P JY puri- 
nergic receptor sequence (18) were used to amplify the turkey brain 
clone. The upstream primer (5 ' -G AG AGG ATCC ATC ATG ACCG A- 
AGCCCTCAT-3') included a BamHl site, the last three bases of the 
5' noncoding region, and the first 17 bases of the coding region of 
chick brain P JY purinergic receptor. The downstream primer (5'- 
TCTCTCTAGATCACAAACTGGTGTCCCCGTT-3') included the 
last 18 bases of the chick brain P JY purinergic receptor coding region, 
a stop codon, and an Xbal site. The conditions for PCR amplification 
were 95* for 1 min and 65* for 1 min, repeated for 35 cycles. The 
resulting amplified cDNA was cloned into pcDNA3 and then subcloned 
into M13 vectors in both directions. The clones were sequenced on 
both strands using the Sequenase 2.0 kit and primers based on the 
chick brain P 2V purinergic receptor sequence. The sequence of turkey 
brain Pjy was confirmed by sequencing single clones from four separate 
PCR amplifications. 

Transfection of mammalian cells. pcDNA3 expression vector 
contains a cytomegalovirus promoter for high expression levels in 
mammalian cells and a neomycin resistance gene for continual selection 
of expressing cells. Cells were transfected by the calcium phosphate 
precipitation method of Chen and Okayama (20). 1321N1 human 
astrocytoma cells were plated at a density of 1 x 10 6 cells/plate in 100- 
mm tissue culture plates and allowed to attach overnight pcDNA3 
plasmid DNA with or without receptor coding sequence was suspended 
in calcium phosphate buffer and incubated overnight with 132 IN 1 cells 
at 35* in 3% C0 2 . The cells were washed twice with growth medium 
and grown for 48 hr before subculturing and selection with G418 sulfate. 
G418-resistant cells were subcloned by isolation and expanded, and 
12-18 clones were screened for expression of the Pj Y purinergic 
receptor. 

Tissue culture. 1321N1 human astrocytoma cells were grown in 
monolayer culture at 37* in 5% CO, in high-glucose DMEM supple- 
mented with 5% fetal bovine serum. Transfected cells were maintained 
in medium supplemented with 900 ng/m\ G418 sulfate. The growth 
medium was changed every fourth day and cells were subcultured at a 
density of 1 X 10 5 cells/ml of medium; postconfluent cells were used 
for assay on day 7. 

Inositol phosphate accumulation. Inositol phosphate accumula- 
tion was determined as described previously (16), with the following 
exceptions. Cells were labeled overnight with 1 nCi/ral ['HJinositol in 
inositol -free DMEM containing 6% dialyzed fetal bovine serum. Fetal 
bovine serum was dialyzed against 4 liters of Earle's salts changed 
three times over 48 hr. Earle's salts are 1.8 mM CaClj, 5.3 mM KC1, 0.8 
mM MgSO< f 117 mM NaCl, 26 mM NaHCO,, 1 mM NaH,PO«, and 5.6 
mM glucose, pH 7.4. Labeled cells were washed once, the medium was 
replaced with 890 $A of 20 mM HEPES-buffered Eagle's medium, pH 
7.4, without LiCl, and the cells were maintained in a 37* water bath 
for 30 min before proceeding. This step was necessary to reduce 
background levels of ['H] inositol phosphates, so that agonist-stimu- 
lated accumulation could be detected more easily. After incubation for 
30 min at 37* in ['Hlinositol-free medium, 10 til of LiCl were added to 
p relabeled cells to a final concentration of 10 mM and incubation was 
continued for an additional 10 min. Receptor agonists in 100 fd of 
medium were added, cells were incubated for 20 min at 37*, and 
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reactions were terminated by aspiration of the medium and addition of 
1 ml of ice-cold 5% TCA. I 8 H]Inositol phosphates were punfied^by 
anion exchange chromatography as described previously (21). I H] 
Phospholipids were collected after solubilization of the TCA-precipi- 
tated cells with 1 ml of 1 N NaOH. 

cAMP accumulation. cAMP accumulation was determined from 
the conversion of [*H]ATP to I'HJcAMP as described previously (16). 
with the following exceptions. Transfected 1321N1 cells grown in 12- 
well plates were incubated overnight with 1 fid/mi [ 3 H]adenme in 
DMEM containing 5% dialyzed fetal bovine serum. The cells were 
washed once with 890 jd of 20 mM HEPES-buffered Eagle's medium, 
P H 7 4 and incubated at 37* for 30 min before proceeding. Ten 
microliters of l-isobutyl-3-methylxanthine dissolved in dimethylsulf- 
oxide were then added to a final concentration of 200 M M and incubation 
was continued for an additional 10 min. Receptor agonists in 100 M l of 
medium were added, cells were incubated for 5 min at 37* and the 
reactions were terminated by aspiration of the medium and addition of 
1 ml of ice-cold 5% TCA. [ S H] ATP and [ 3 H]cAMP were separated by 
Dowex and alumina chromatography, as described previously (22). 

RNase protection assays. Levels of turkey P*y purinergic receptor 
mRNA in various tissues were quantitated by RNase protection assay 
using the RPAII kit, awarding to the vendor's protocol. The ribonucle- 
otide probe for the meleagrid P w purinergic receptor was generated 
from a subcloned fragment that comprised nucleotides 654-927 of the 
coding sequence. Fragments were generated by PCR amplification 
using gene-specific primers and were then subcloned into pBS bK . 
Total RNA from turkey blood was isolated by lysis of freshly washed 
adult erythrocytes in guanidinium thiocyanate and sedimentation 
through a cesium chloride cushion as described (23). Total RNA from 
all other tissues was prepared by a modification of the method of 
Chomczynski and Sacchi (19), as described above. 

Results 

Isolation of a P 2 y purinergic receptor cDNA clone 
from turkey brain. We have previously studied in detail a 
phospholipase C-linked P 2 v purinergic receptor on turkey 
erythrocytes. The recent cloning of a P 2Y purinergic receptor 
from chick brain (18) provided the means for isolation of a 
turkey homologue of this receptor and allowed the second 
messenger coupling response and pharmacological specificity 
of this P JY purinergic receptor to be determined. To isolate a 
full length cDNA clone of the meleagrid P 2Y purinergic receptor, 
PCR amplification was performed on total RNA isolated from 
turkey brain, using oligonucleotide primers identical to the 
beginning and end of the coding sequence of the chick brain 
Pjy purinergic receptor. The resulting amplified fragment was 
cloned and sequenced, and sequence analysis indicated that the 
meleagrid sequence was >98% identical at the nucleotide level 
(17 differences in 1089 nucleotides) to the chick gene. 1 The 
only amino acid difference between the two genes was a con- 
servative substitution of threonine-28 to serine. Amplification 
of a genomic clone with the same primers resulted in a fragment 
identical in size to the cDNA, suggesting that the P 2Y purinergic 
receptor gene lacks an intron. Given the nearly complete iden- 
tity of the two sequences, the second messenger coupling and 
pharmacological specificity of the meleagrid and chick homo- 
logues of the P 2Y purinergic receptor should be the same. 
Therefore, the meleagrid sequence was prepared for expression 
and characterization in eukaryotic cells. 

Expression of meleagrid P« Y purinergic receptor in 
1321N1 cells and stimulation of inositol phosphate ac- 
cumulation. pcDNA3 vector alone or vector containing the 

> The nucleotide sequence of the meleagrid P« purinergic rtcevtot has been 
submitted to the GenBank database with accession number UQ984Z. 



coding sequence of the meleagrid putative P 2Y purinergic recep- 
tor was transfected into 1321N1 human astrocytoma cells. 
These cells express no detectable endogenous receptors for 
adenine nucleotides (24) and endogenously express an Ml 
muscarinic cholinergic receptor coupled to stimulation of phos- 
pholipase C (21, 25). 1321N1 cells transfected with the P 2Y 
purinergic receptor construct (1321N1-P2Y cells) were cloned 
and screened for 2MeS ATP -stimulated inositol phosphate ac- 
cumulation or inhibition of cAMP accumulation. Initially, very 
little stimulation or inhibition of inositol phosphate or cAMP 
accumulation was observed in any of the transfected cell lines. 
However, certain of the 1321N1-P2Y cell clones expressed basal 
levels of [ 3 H]inositol phosphates that were markedly greater 
than basal levels in the vector-transfected clonal cell lines. We 
reasoned that this elevated ( 3 H] inositol phosphate accumula- 
tion could be due, at least in part, to release of endogenous 
ATP and/or ADP into the medium, with subsequent activation 
of an expressed P £Y purinergic receptor and elevation of { 3 H] 
inositol phosphates during the 18-hr [ 3 H]inositol labeling 
period Two approaches were used in an attempt to decrease 
basal levels of [ 3 H]inositol phosphates. 1321N1-P2Y cells were 
treated with apyrase overnight during the [ 3 H]inositol labeling 
step, with the goal of decreasing ATP and/or ADP levels in the 
cell medium. Alternatively, [ 3 H]inositol-labeled 1321N1-P2Y 
cells were washed free of [ 3 H] inositol and incubated for 30 min 
in the absence of LiCl, to allow elevated levels of [ 3 H]inositol 
phosphates to decrease. 

The data presented in Fig. 1 illustrate the results of the 
different treatments of pcDNA3 vector-transfected (1321N1- 
vector) cells and 1321N1-P2Y cells. In wild-type control (date 
not shown) and vector-transfected cells (Fig. 1A), 10 tiU 
2MeSATP and other analogues of ATP and ADP (Ref. 24 and 
data not shown) had no effect on [ 3 HJinositol phosphate accu- 
mulation. Activation by 500 carbachol of an endogenous 
Ml muscarinic cholinergic receptor on 1321N1 cells markedly 
elevated [ 3 H)inositol phosphate levels. There was a 10-fold 
increase in basal [ 3 HJinositol phosphate levels in cells stably 
transfected with the P 2Y purinergic receptor (Fig. IB). A vari- 
able small increase in [ 3 H]inositol phosphate levels above the 
high background level occurred in response to 2MeSATP in 
1321N1-P2Y cells and the large response to carbachol was 
maintained If 1321N1-P2Y cells were switched to [ 3 H]inositol- 
free medium for 30 min before incubation with LiCl and recep- 
tor agonists (Fig. lC), the basal level of [ 3 H]inositol phosphates 
was reduced relative to 1321N1-P2Y cells that did not receive 
this incubation before addition of LiCl (Fig. 1, compare C and 
B). A marked 2MeSATP-stimulated accumulation of [ 3 Hlino- 
sitol phosphates, which was approximately 50% of the level of 
stimulation observed with carbachol, occurred in these cells. 
Apyrase treatment during the overnight [ 3 Hlinositol labeling 
step (Fig. ID) also resulted in 1321N1-P2Y cells with reduced 
basal levels of radioactivity, relative to untreated 1321N1-P2Y 
cells (Fig. 1, compare D and B). 2MeSATP markedly stimulated 
inositol phosphate accumulation in apyrase-treated cells, to 
levels that exceeded those observed with carbachol. Therefore, 
when 1321N1-P2Y cells were treated with apyrase overnight or 
were preincubated for 30 min after a change of medium, the 
basal accumulation of [ 3 H] inositol phosphates was decreased 
and 2MeSATP-stimulated [ 3 H]inositol phosphate accumula- 
tion was readily detected We preferred in subsequent experi- 
ments, to decrease basal { 3 Hlinositol phosphate levels by in- 
cubating cells for 30 min after a change to pH]inositol-free 
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Fig. 1. Effects of preincubation and apyrase treat- 
ment on basal and agonist-stimulated levels of ino- 
sitol phosphate accumulation in vector- and Pz* 
purinergic receptor-transfected 1321 N1 cells. A and 
B, 1321N1-vector (A) and 1321N1-P2Y (B) cells 
were treated overnight with pHJinositol and assayed 
for pHJinositot phosphate accumulation without a 
30-min preincubation. C, 1321N1-P2Y ceOs were 
assayed for [^inositol phosphate accumulation 
after a 30-min preincubation, as described in Exper- 
imental Procedures. D, 1321N1-P2Y ceOs were 
treated overnight, during [HflinosKol labeling, with 
apyrase (2 units/ml) and were then assayed for fH] 
inositol phosphate accumulation. Data shown are 
mean ± standard deviation for a representative 
experiment assayed in quadruplicate. Simflar results 
were obtained in two other experiments. Carb, car- 
bachol. 
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medium instead of incubating cells overnight with apyrase, to 
avoid any potential hydrolytic effect of apyrase on the various 
adenine nucleotides used as receptor agonists. Incubation of 
1321Nl-vector cells overnight with apyrase or switching of 
these cells to [ 3 H]inositol-free medium before incubation with 
LiCl and agonists did not result in appearance of a 2MeSATP- 
stimulated response (data not shown). 
* Pharmacological characterization of the expressed 
meleagrid receptor. To characterize more fully the putative 
Piy purinergic receptor from turkey brain, inositol phosphate 
accumulation was studied with several P aY -. P2U-1 and P 2 x- 
selective and nonselective agonists. As anticipated from the 
almost complete sequence identity with the previously cloned 
chick Piy purinergic receptor, the meleagrid receptor showed 
the pharmacological profile expected of a P JV purinergic recep- 
tor (Fig. 2; Table 1). Adenine nucleotides previously shown to 
be effective P JY purinergic receptor agonists were all full ago- 
nists at the expressed receptor, with iittle variation in the 
mflTimfll response obtained within an experiment. 2MeSATP 
and 2MeS ADP, which are agonists that were previously shown 
to be selective for Piy purinergic receptors (2, 3, 10, 16), showed 
the highest potency for stimulation of inositol phosphate ac- 
cumulation in 1321N1-P2Y cells. The Puc purinergic receptor- 
selective agonists «J?MeATP and ftyMeATP did not stimulate 
inositol phosphate accumulation in 1321N1-P2Y cells. Fur- 
thermore, UTP had little effect, indicating that the expressed 
receptor is not a P«, purinergic receptor subtype. The phar- 
macological profile obtained for stimulation of inositol phos- 
phate accumulation in 1321N1-P2Y cells [2MeSATP = 
2MeSADP > ADP0S > ADP > 2C1ATP = ATPyS * ATP > 
App(NH)p > UTP] was very similar to that obtained for the 
Ptv purinergic receptor coupled to inhibition of adenylyl cyclase 
activity in rat C6-2B glioma cells (Table 1). With the exception 
of the potencies of ADP and 2C1ATP, the pharmacological 
profile of the expressed receptor was similar to that previously 
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Rg. 2. Cortcentration-effect curves for rxjrinergic receptor agonists in 
Prr purinergic receptor-transfected 1321N1 cefls. Inositol phosphate 
accumulation was measured in (^irtosftotyrelabeled 1 321 N1-P2Y cefls 
that had been subjected to a 30-min preincubation in pHfmositoWree 
medium, as described in Experimental Procedures. Concentration-effect 
curves were generated by treating cefls for 20 min with varying concen- 
trations of agonist. Curves represent mean data obtained from a single 
exrjertrnent assayed in quadruplicate. Similar results were obtained in 
two or three other experiments. 

obtained for Piy purinergic receptors coupled to phospholipase 
C in turkey erythrocyte membranes (4, 10). 

Piy purinergic receptors previously were shown to couple 
through a pertussis toxin-insensitive mechanism to activation 
of phospholipase C or through pertussis toxin-sensitive mem- 
bers of the Gi family of G proteins to inhibition of adenylyl 
cyclase. Stimulation by either 2MeSATP or carbachol of ino- 
sitol phosphate accumulation in 1321N1-P2Y cells was not 
sensitive to pretreatment of cells with 100 ng/ml pertussis 
toxin (Table 2). This concentration of pertussis toxin previ- 
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TABLE 1 ^ . 

Relative potencies of purinergic receptor agonists tor activation of 
P« purinergic receptors 

inositol phosphate accumulation was measured in 1321N1^2Y ceOsasdesenbed 
^eKaTprocedures. Coneentrati<xve«ect cu^eswere genera^ by^ 
batirwT'HltnositoMabeled cells for 20 min with varying concentrations otagontst 
^ffieXFto^X values were calculated as the concentraoon of agon^ 
£^o>oA& a hatt-maxlmal effect, as determined by r*rtoear regress»n 
^fMM are mean ± starKlard error of K,, values for three or tour 
independent experiments, . — 



Agonist 



1321N1-P2Y 



Ti^ erythrocyte* 



2MeSATP 

2MeSADP 

ADP/JS 

ADP 

ATP-yS 

2CIATP 

ATP 

App(NH)p 
OTP 

o/JMeATP 
0 T MeATP 



30.5 ±14.8 
25.7 ± 9.6 
233 ±76 
534 ±61 
2 ,790 ± 330 
2.990 ±1,320 
4,120 ±1.970 
>10.000 
>10 t 000 

NE 



nu 

3.9 ±1.3 
10.0 ± 5.3 
675 ±118 
3.000 ± 580 
3.166 ±1.014 
2,140 ±761 
9,000 ±1.703 
>1 0.000 
>10.000 
NE 
NE 



8±2 
6±3 
96 ±27 
8.000 ± 2,000 
1.260 ±380 

72 ±19 
2.800 ± 700 
4.450 ±1.150 
143,000 ± 44,000 
>1 00,000 
>1 00.000 




• Values for P„ receptor^xomoted inhibition of cAMP accumulation in rat C6- 
2B atioma cefls. obtained from Boyer et a/. (16). 

• tor pTr^or-meoSed activation of phosphofepase C m turkey 
erythrocyte membranes, obtained from Bumstock et at. (4) 
« NE.no effect at 100 mm. 

TABLE 2 ^. 
Effect of pertussis toxin treatment on receptor-stimulated inositol 
phosphate accumulation in 1321N1-P2Y cells 

it>ini-P2Y cefls were treated for 18 hr with vehicle (control) or with 100 ng/ml 
S« Sb£e washed, oreincubated for 30 min in [>H]inc^oUfree 
Sr^fcx inositol phospnate accurate in me absence of added 
duo ftasaO or in the presence of 500 *u carbachol or 10 *m 2MeSATP. pH 
SSe accumulation was quantitated as described « Expenrnen^ 
the data are mean ± standard error for three experiments assayed 



in quadruplicate. 




fHJtnositol phosphate acomiation 




Basal 


Carbachol 


2MeSATP 






%conve/sion 




Control 

Pertussis toxin 


16.1 ±1.3 
17.1 ±3.3 


66.6 ± 15.0 

69.7 ± 17.6 


49.4 ± 7.0 
51.0 ±5.8 



ously was shown to cause full ADP-ribosylation of pertussis 
toxin-sensitive G proteins in 1321N1 cells and ^ completely 
block Gi-mediated inhibition of adenylyl cyclase (26, 27). 

In addition to activation of phospholipase C, P«v purinergic 
receptors previously were shown to inhibit adenylyl cyclase 
Our data with C6 glioma cells suggest that these two different 
second messenger responses occur through activation of two 
different P« purinergic receptor subtypes (16). However, this 
remains to be formally proven. Thus, it was important to 
determine whether the cloned P« purinergic receptor ^coupled 
to adenylyl cyclase in addition to phospholipase C. cAMP levels 
were elevated by isoproterenol-mediated stimulation of the p- 
adrenergic receptors endogenously expressed on 1321N1 ce Is. 
Incubation of 1321N1-P2Y cells with isoproterenol plus 
2MeSATP resulted in a slight increase in cAMP accumulation 
over that observed with isoproterenol alone (Fig. 3). This 
increase may be secondary to inositol-l,4,5-trtephosphate-pro- 
motldCa** mobilization and <tf ♦-mediated stimulation of 
adenylyl cyclase activity. Similar results were previously ob- 
served during stimulation of 1321N1 cells with carbachol (28, 
29). To fully activate adenylyl cyclase activity, 1321N1-FZY 
cells were incubated with isoproterenol plus forskohn. Date 



Basal Iso lso+2MeS ATP Iso+Fonk Iso+Forsk+ 

2MeSATP 

Fia 3 Absence of 2MeSATP-promoted inhibition of cAMP accumulation 
in Prr receptor-transfected 1321N1 cells. 1321N1-P2Y cefls were prela- 
beled with pHladenine overnight and subjected to a 30-mm ncubation 
in pHladenine-free medium, as described in Experimental Procedures. 
The labeled and washed cefls were then incubated for 5 min n the 
absence of added drug {Basal) or in the presence of 10 fe^terenol 
(Iso) 10 mm isoproterenol plus 10 2MeSATP (lso+2MeSATP), 10 #«m 
sopVoterenol plus 10 m m forskofln (Iso+Forsk). or 10 mm «scj<ttterenol 
olus 10 uu forskolin plus 10 ?u 2MeSATP {lso+Forsk+2MeSATP) and 
were assayed for cAMP accumulation as described in Experimental 
Procedures. The data shown are mean ± standard error for three to nine 
experiments assayed in quadruplicate. 

averaged from nine experiments showed that 2MeSATP had 
no effect on isoproterenol- plus forskolin-stimulated cAMP 
accumulation (Fig. 3). However, in four of the nine experiments 
a small (20-30%) but significant inhibition of cAMP accumu- 
lation occurred. This finding suggests that, whereas stimulation 
of inositol phosphate accumulation is the primary signaling 
pathway for this P,v purinergic receptor, some coupling to 
inhibition of adenylyl cyclase activity may occur. Desensitiza- 
tion of P IV purinergic receptors is not responsible for the lack 
of inhibition, because incubation of 1321N1-P2Y cells over- 
night with 2 units/ml apyrase before assay did not reveal any 
inhibition by 2MeSATP of cAMP accumulation (data not 
shown). 

Tissue distribution of the cloned meleagrid P« Y pun- 
nergic receptor. RNase protection assays on total RNA iso- 
lated from various meleagrid tissues were performed to estab- 
lish the localization of Piv purinergic receptor transcripts. An 
antisense ribonucleotide probe specific for the P« P<" m * r *"i 
receptor sequence was constructed, and this probe hybndizea 
most strongly with RNA from turkey brain, lung, and Wood 
(Fie 4). Lesser intensity hybridization was observed with RNA 
from stomach, gut, and skeletal muscle. With the exception of 
hybridization levels in lung, these results correlate with date 
obtained by Webb et oL (18) by Northern blot analysis of chick 
tissues. 

Discussion 

The relative potencies of a series of 11 adenine nucleotide 
analogues for stimulation of inositol ph^bt^^j^ 
confira that the meleagrid receptor that has been stably ex 
pressed in 1321N1 human astrocytoma cells is a P« punnergic 
receptor (Fig. 2; Table 1). Previous comparative studies ^oi 
agonist potencies across a number of tissues have led to toe 
suggestion that multiple subtypes of P« purinergic receptors 
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Rg. 4. Tissue distribution of the cloned meleagrid Pzy purinergic receptor. 
RNase protection assays were performed on 25 ng of total RNA isolated 
from various meleagrid tissues, using a 274-base pair antisense ribonu- 
cleotide probe specific for the cloned meleagrid Pre purinergic receptor, 
as described in Experimental Procedures. B, brain; H t heart; Lu, lung; St, 
stomach; L, liver; G/, gastrointestinal tract; K, kidney; SM t skeletal 
muscte; e/, blood. 

exist (3, 4). No firm subclassification has been established on 
the basis of these tissue responses, and it is not yet possible to 
unambiguously associate the receptor that has been cloned and 
expressed here with any given set of tissue responses. However, 
within the limitations of the agonists that have been studied, 
this P 2Y purinergic receptor expresses pharmacological specific- 
ities not unlike those of the P 2 y purinergic receptor of the 
guinea pig taenia coli, rat C6 glioma cells, and turkey erythro- 
cytes. 

We believe that studies on second messenger responses may 
more strongly suggest the existence of subtypes of P 2Y puri- 
nergic receptors than do the differences in agonist potencies 
that have been observed in tissue responses. Thus, P 2Y puri- 
nergic receptors have been shown to activate phospholipase C 
and inhibit adenylyl cyclase. In two model systems that have 
been studied in detail, the P 2Y purinergic receptor couples either 
to G; and adenylyl cyclase (16) or to Gn and phospholipase C 
(10), but not to both. Although this does not prove that a 
similar fidelity of coupling will be observed in all tissues, this 
is a strong possibility, based on the strict selectivity of coupling 
to different G proteins and second messenger cascades that has 
been observed for subtypes in many receptor classes. Expres- 
sion of the meleagrid receptor in 1321N1 human astrocytoma 
cells conferred marked responsiveness of phospholipase C to 
activation by Pjy purinergic receptor agonists. Activation of 
phospholipase C was completely insensitive to pertussis toxin. 
These results are consistent with the idea that a P 2Y purinergic 
receptor subtype that couples through a G q type of G protein 
to activate phospholipase C has been cloned In preliminary 
experiments with CHO cells that were stably transfected with 
the meleagrid P 2 y purinergic receptor, we have observed a 
similar marked stimulation by P S y purinergic receptor agonists 
of inositol phosphate accumulation. 3 This suggests that linkage 
to phospholipase C is an intrinsic property of this P 2Y purinergic 
receptor subtype and not of the cell line. 

A small variable effect of 2MeSATP on the inhibition of 
cAMP accumulation in transfected 1321N1-P2Y cells was ob- 
served in four of nine experiments. Overexpression of the 
receptor protein in 1321N1 cells may allow the receptor to 
couple weakly to other G protein subunits and thus produce 
the variable inhibition of adenylyl cyclase activity that was 
seen. Such a result was originally observed with overexpression 
of transfected muscarinic receptors in CHO cells, in which a 
Gj-coupled m2 muscarinic receptor was found to couple weakly 
to phospholipase C (30). The physiological importance of such 
secondary coupling is not known, but the coupling is presumed 



to be an artifact of the presence of unnaturally high levels of 
receptor protein. An important next target for molecular clon- 
ing will be the Gj-linked P 2Y purinergic receptor that exclusively 
inhibits adenylyl cyclase in C6 glioma cells and in other tissues. 

This laboratory has extensively studied a P 2Y purinergic 
receptor linked to activation of phospholipase C on turkey 
erythrocytes (10, 11, 31-33). Because we have no protein se- 
quence for this receptor, we cannot with certainty equate the 
meleagrid P 2Y purinergic receptor that has been cloned with 
the erythrocyte signaling protein. However, RNase protection 
experiments indicate that the meleagrid P 2 y purinergic receptor 
mRNA is found at highest levels. Jn blood and brain. The 
activation of phospholipase C observed with the receptor ex- 
pressed in 1321N1 cells is very consistent with the signaling 
activity of the erythrocyte receptor, and the overall potencies 
of agonists also closely match. The differences observed in 
agonist (e.g., 2CIATP and ADP) potencies between the turkey 
erythrocyte P 2 y purinergic receptor and the transfected P 2Y 
purinergic receptor may be due to differences in assay condi- 
tions, because phospholipase C activity was measured in eryth- 
rocyte membranes rather than in intact cells. Exploration of 
these differences awaits a means for more direct comparison of 
the expressed and endogenous P 2Y purinergic receptors. 

We previously used [^S] ADP0S to label P 2Y purinergic recep- 
tors on plasma membranes purified from turkey erythrocytes 
(31). Although a complete understanding has not been ob- 
tained, extensive analysis of the turkey plasma membrane [^S] 
ADP/8S binding site with a very broad range of analogues of 
ATP and ADP has led us to question the validity of the 
conditions previously reported for putative P 2 y purinergic 
receptor labeling. 3 These caveats notwithstanding, (^S] ADP0S 
was used in preliminary experiments in an attempt to label P 2 y 
purinergic receptors in transfected cells. No reproducible dif- 
ference in total [^SJADP^S binding was observed between 
control cells and cells expressing the P 2Y purinergic receptor 
construct. This lack of a difference in radioligand binding was 
observed in both intact cell and membrane binding assays. 
Because ("SJADP^S binding was not inhibited by 2MeSATP 
in either control or Piy purinergic receptor-transfected cells, 
no specific binding of the radiolabeled agonist could be detected. 
The availability of a radiolabeled, high affinity, P 2 y purinergic 
receptor antagonist may be necessary to quantitate P 1Y puri- 
nergic receptor levels in cells stably expressing this receptor. 

The observations described here have several implications in 
the study of P 2 purinergic receptors. The experiments with 
apyrase suggest, but do not prove, that release of ATP/ADP 
occurs from 132 IN 1 human astrocytoma cells and that this 
released nucleotide activates the expressed Pjy purinergic 
receptors. A similar phenomenon has been observed during 
expression of human P 2 u purinergic receptors in the same cells 
(34). The difference in response to 2MeSATP versus carbachol 
in apyrase-treated cells, compared with the difference in cells 
not receiving apyrase treatment (Fig. 1, compare D with B and 
C), suggests that considerable down-regulation of P 2 y puri- 
nergic receptors may occur as a consequence of released ATP/ 
ADP. Thus, the level of expression of a P 2 purinergic receptor 
in a given cell likely depends on the extent to which that cell 
releases adenine nucleotides. A corollary to this could be that 
the best choice for expression of a Piy purinergic receptor might 
be a cell type, e.g., an epithelial cell line such as HT-29 human 
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colon carcinoma ceils, that expresses a very active endogenous 
P,u purinergic receptor (35), or even rat C6 glioma cells, which 
express a P 2Y purinergic receptor that does not activate phos- 
pholipase C but, rather, inhibits adenylyl cyclase (16). The 
possibility also exists that cells not apparently expressing a P 2Y 
or Pio purinergic receptor under normal culture conditions may 
nevertheless do so if conditions are changed to minimize the 
effect of released ATP/ADP, For example, an endogenous P 2 
purinergic receptor-activated phospholipase C response was 
revealed in CHO cells that were treated overnight with apyrase. 4 
The meleagrid P 2Y purinergic receptor is remarkably similar 
to the previously cloned chick P 2 y purinergic receptor. The 
single amino acid difference is a conservative substitution that 
retains a putative glycosylation site near the amino terminus. 
This conservation of sequence would suggest that the chick 
homologue is also a phospholipase C-linked purinergic receptor. 
Purinergic receptors should share characteristics with other 
members of the G protein-linked receptor superfamily of pro- 
teins, including the existence of multiple subtypes linked to 
different second messenger systems. We believe that additional 
subtypes of P 2Y purinergic receptors, including those linked to 
inhibition of adenylyl cyclase activity, await isolation and se- 
quencing. A comparison of tissues exhibiting P 2Y purinergic 
receptor-mediated responses (1) with the tissue distribution of 
transcripts for the cloned P 2Y purinergic receptor (Fig. 4 and 
Ref. 18) reveals a curious lack of P 2Y purinergic receptor mRNA 
in heart. Such results could be suggestive of the presence of 
another subtype of P 2Y purinergic receptor in cardiac tissue. 
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